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ABSTRACT 
The interactions between coral and macroalgae strongly influence the structure and function 
of coral reef ecosystems. Anthropogenic stressors have been shown to disrupt coral-algal 
dynamics, often shifting competitive advantage in favor of macroalgae. As anthropogenic 
stressors intensify, altered competitive dynamics between coral and macroalgae are expected 
to exacerbate ecosystem shifts. However, the mechanisms by which coral and macroalgae 
compete and their implications for ecosystem dynamics remain poorly understood. By bridging 
small scale physiological techniques with large scale ecological monitoring, this dissertation 
explores the ecology and physiology of coral-algal interactions to gain a better understanding 
of the processes that govern coral-algal competitive dynamics.  
The first series of experiments of this thesis explored how seasonal fluctuations in 
environmental parameters influence the relative abundance of macroalgae and how changes 
in species abundance affect coral-algal composition and interaction frequency. Environmental 
conditions, benthic community composition, and coral-algal competition were monitored over 
two years across eight distinct reef zones on the high-latitude Heron reef, southern Great 
Barrier Reef. By examining reef habitats that had little anthropogenic influences, we were able 
to detect seasonal and spatial shifts in macroalgal abundance that closely tracked 
environmental conditions, revealing that temperature and light interact to exert considerable 
control over the abundance of macroalgae. Macroalgal taxa had disproportionate effects on 
corals across reef habitats and seasons, with species composition varying distinctly between 
the lagoon and reef slope, and the greatest frequency of coral-algal interactions at the reef flat 
and shallow lagoon and in spring and winter. The results of this long-term experiment improve 
our understanding of how environmental conditions control spatio-temporal changes in 
macroalgal communities, and how changes in benthic cover influence the frequency and 
composition of coral-algal interactions. 
In the next series of studies, we investigated if and to what extent a natural gradient of human 
population influences the benthic cover as well as the diversity, frequency, and outcomes of 
coral-algal interactions in the central Maldives. The natural clumped nature of human 
populations in the Maldives presented a unique opportunity to study the direct effects of human 
influences where the main local anthropogenic stressors are predominantly sedimentation and 
eutrophication, not the overfishing of herbivorous reef fish. Reefs exposed to the highest 
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human population pressures showed a reduction in the abundance of particular coral 
categories, as well as an increase in the abundance of dead hard coral and filamentous algae. 
Furthermore, the diversity of coral-algal interactions was significantly reduced. Interactions 
between crustose coralline algae and Halimeda were not only the most common and least 
harmful to coral, but were also positively correlated with coral cover, emphasizing the role that 
positive species interactions can play in regulating community structure and function. These 
results highlight that proximity to local human population can lead to changes in benthic cover 
as well as changes in the composition and diversity of coral-algal interaction abundance, and 
add valuable information to the debate on how local human populations influence coral reef 
ecosystems.  
The final set of manipulative experiments examined the effects of temporal variability and 
ocean warming and acidification on organismal physiology and the mechanisms of coral-algal 
interactions. The metabolic rates of Acropora intermedia and Halimeda heteromorpha were 
highly dependent on season, both displaying peak calcification and photosynthetic rates under 
present day conditions in summer. Current projected levels of ocean warming and acidification 
expected to occur by mid-to-late century resulted in highly negative outcomes for both A. 
intermedia and H. heteromorpha only in summer, significantly reducing the survivorship, 
calcification and productivity of A. intermedia and the calcification rates of H. heteromorpha. 
The effect of H. heteromorpha contact on A. intermedia did not intensify under ocean warming 
or acidification and included positive, neutral and negative effects on A. intermedia, changing 
with season and under projected ocean warming and acidification. This study highlights the 
importance of seasonality in determining the direction and effect of interactions between coral 
and macroalgae as well as the susceptibility of coral and macroalgae to multiple global change 
stressors.  
The results presented here provide novel insights into how interactions between coral and 
macroalgae vary naturally with location and environmental conditions. Both local and global 
anthropogenic impacts have the potential to disrupt the processes that govern coral-algal 
competition, with the direct and indirect impacts of human activities altering coral-algal 
interactive dynamics by changing species abundance and affecting competitive ability. 
Macroalgal competitive strength did not increase under ocean warming and/or acidification; 
instead it was the combined effect of warming and acidification which generated the most 
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harmful impacts on both coral and macroalgal physiology. The current business-as-usual 
pathway is very likely to have serious impacts on coral reef ecosystems. A reduction in CO2 
emissions to levels set in the Paris agreement, in combination with management that reduces 
the local impacts, are very likely to maintain ecosystem functions and ecological resilience in 
the face of a changing climate. 
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1.1. CORAL REEFS: A BRIEF INTRODUCTION  
Coral reefs are among the most beautiful and fascinating ecosystems in the world. Biologically 
diverse and complex, coral reefs harbour hundreds of thousands of species in an area that is 
less than 0.1% of the surface of the Earth (Connell 1978). Approximately 500 million people 
directly depend on coral reefs for fisheries, coastal protection, and tourism (Spalding and Brown 
2015). The ecosystem goods and services provided by coral reefs are economically valued at 
billions of dollars a year (Spalding et al. 2017). Such economic contributions, however, are 
dependent on coral reef ecosystems that are in good condition and the world’s coral reefs are 
presently in a dramatic state of decline (Hughes et al. 2003; Pandolfi et al. 2003; Hoegh-
Guldberg et al. 2007; Hughes et al. 2017a). 
Coral reefs are one of the most vulnerable marine ecosystems, with an estimated 50% of reef-
building corals lost in past 30 years due to human influences (Hughes et al. 2003; Pandolfi et 
al. 2003; Hoegh-Guldberg et al. 2007; De’ath et al. 2012). The decline of reef-building corals 
has resulted in the loss of coral reef biodiversity, complexity and structure. Currently, even the 
most isolated and pristine coral reef ecosystems are under direct threat from human activities 
(Bruno and Valdivia 2016).  
1.2. THREATS TO CORAL REEFS 
1.2.1. GLOBAL STRESSORS: OCEAN WARMING AND ACIDIFICATION  
The combined effects of ocean warming and acidification due to the uptake of carbon dioxide 
(CO2) are the most serious threat to coral reef ecosystems (Hoegh-Guldberg et al. 2007; 
Anthony et al. 2008; Anthony et al. 2011; Pandolfi et al. 2011; Dove et al. 2013; Kroeker et al. 
2013b; Hughes et al. 2017b). About 25% of CO2 emitted enters the ocean (Figure 1.1). Once 
absorbed, CO2 reacts with seawater to produce carbonic acid (H2CO3). Carbonic acid 
dissociates to form bicarbonate ions (HCO3-) and protons (H+), which further react with 
carbonate ions (CO32-) to produce more bicarbonate ions. This process in seawater can be 
explained by the following equation:  
CO2 + H20 ↔ H2CO3 ↔ H2CO3- + H+ ↔ 2H+ + CO32- 
The depletion of carbonate ions leads to the reduction in calcification rates of numerous marine 
organisms, including scleractinian corals and calcifying macroalgae (Anthony et al. 2008; Ries 
et al. 2009). In both coral and calcifying algae, the ability to manipulate the pH of calcifying fluid 
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should buffer their exposure to ocean acidification, nonetheless, there is overwhelming 
evidence that calcification is impeded by ocean acidification (Cohen et al. 2009; Holcomb et al. 
2014; Cornwall et al. 2017). Briefly, when exposed to acidified conditions, the saturation state 
of the calcifying fluid decreases significantly as the saturation state of seawater decreases, 
resulting in reductions in extension rates and/or skeletal density due to (i) delays in the initiation 
of calcification and the growth of the primary corallite and (ii) changes in the size, shape, 
orientation and composition of aragonite crystals (Cohen et al. 2009; Holcomb et al. 2014; 
Fantazzini et al. 2015).  
 
Figure 1.1. Perturbation of the global carbon cycles caused by anthropogenic activities, averaged 
globally for the decade 2007-2016 (Gt CO2/yr). Source: CDIAC; NOAA-ESRL; Le Quéré et al. (2017); 
Global Carbon Budget 2017. Included with permission. 
 
Another consequence of rising anthropogenic CO2 emissions to the atmosphere is the increase 
in average global surface temperature, including that of the upper layers (~700 m) of the ocean 
(Hoegh-Guldberg et al. 2007).  Increasing temperatures have a range of impacts on organisms, 
4 
 
ecosystems and human activities.  These impacts affect almost every marine organism and 
process, as documented in the Fifth Assessment Report of the Intergovernmental Panel on 
Climate Change (IPCC) (Barros et al. 2014; Pörtner et al. 2014).  Significantly, organisms have 
faced several broad responses to rapidly changing conditions. In this regard, they can either (i) 
adapt/acclimate to the changes that are occurring around them, (ii) move with the changing 
conditions, or (iii) undergo mortality.  In the case of reef-building corals, which are at the heart 
of this thesis, the latter appears to be the situation. 
 
Elevated seawater temperatures drive coral bleaching, which leads to the destabilisation of the 
endosymbiosis that underpins the ability of reef-building corals to occupy the low nutrient 
waters of the tropics.  If sea temperatures remain anomalously high for long enough, corals will 
eventually die (Hoegh-Guldberg 1999). The risk of mortality increases as the duration and 
magnitude of the temperature anomaly lengthens, which can be estimated by calculating 
degree heating weeks (DHWs), which is essentially the size and time that conditions are above 
the summer monthly maximum mean (MMM). The threshold for bleaching varies by region, but 
commonly occur when average summer temperatures are exceeded by >1°C over 6 weeks. 
Currently, coral bleaching events typically coincide with the El Niño Southern Oscillation 
(ENSO) (McGowan and Theobald 2017).  As anthropogenic CO2 emissions continue to 
increase, however, the background temperature of the oceans will continue to rise resulting in 
coral bleaching events that no longer depend on reaching the bleaching threshold in the warm 
extremes of ENSO. In 2016 and 2017, back-to-back global coral bleaching events occurred for 
the first time in recorded history, resulting in mass coral mortality in some of the most protected 
and isolated reefs within the Great Barrier Reef Marine Park (Hughes et al. 2017a). As 
temperatures continue to rise due CO2 emissions, coral bleaching events will become more 
frequent and unprecedented in severity (Hoegh-Guldberg 1999; Barros et al. 2014; Hughes et 
al. 2017b).  
It is estimated that ocean temperature has risen by nearly 1°C and the pH has lowered by 0.1 
pH units (i.e., ocean acidification) (Barros et al. 2014; Pörtner et al. 2014). The speed and scale 
at which these changes are occurring are exposing coral reefs to conditions that they may not 
have experienced in millions of years (Hoegh-Guldberg et al. 2007; Hoegh-Guldberg and Bruno 
2010; Hönisch et al. 2012; Hughes et al. 2017b). Ocean warming and acidification have already 
begun altering coral reef ecosystems (De’ath et al. 2012; Dove et al. 2013; Frieler et al. 2013; 
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Albright et al. 2016) and are the most serious and impending threats to even isolated and 
protected coral reefs (Hoegh-Guldberg et al. 2007; Bruno and Valdivia 2016; Hughes et al. 
2017a). As ocean warming and acidification intensify, corals and calcifying macroalgae are 
expected to continue to decline (Anthony et al. 2008; Price et al. 2011; Diaz‐Pulido et al. 2012; 
Sinutok et al. 2012; Dove et al. 2013; Horvath et al. 2016), and fleshy macroalgae and turf 
algal/cyanobacteria assemblages to increase (Diaz‐Pulido et al. 2011; O’Neil et al. 2012; 
Kroeker et al. 2013a; Bender et al. 2014).  
 
Figure 1.2. Emissions from fossil fuels and cement (Gt CO2/yr) in the Representative Concentration 
Pathways (RCPs) (lines). Over 1000 IPPC scenario categories from the IPCC Fifth Assessment 
Report are shown, which summarize the wide range of emission scenarios published in the scientific 
literature and are defined on the basis of CO2-eq concentration levels (in ppm) in 2100.The estimate 
at 2014 is displayed by a red dot, showing that we are currently on the red RCP8.5 pathway. Source: 
CDIAC; Fuss et al. (2014); Global Carbon Budget 2017; Le Quéré et al. (2017). Included with 
permission.  
 
The IPCC have developed scenarios of future climate change based on projections of 
anthropogenic CO2 emissions. Figure 1.2 denotes four possible representative concentration 
pathways (RCPs), which are named after projected radiative forcing values above pre-
industrial levels by 2100 (2.6, 4.5, 6, and 8.5 Wm-2). Between 2014- 2016 a temporary 
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stabilization in CO2 emissions was observed (Jackson et al. 2017). In 2017, however, global 
greenhouse gas emissions are expected to reach 36.8 ± 2 Gt CO2, which is an increase of ~2% 
on 2016 levels (Jackson et al. 2017; Le Quéré et al. 2017). As a result, the worst-case RCP 
that projects 8.5 Wm-2 of radiative forcing (RCP8.5) is the current, ‘business-as-usual’ rate of 
CO2 emissions, despite global consensus (i.e., the Paris agreement) for the adoptions of 
policies that significantly reduce greenhouse gas emissions (Riahi et al. 2011; Pörtner et al. 
2014; Jackson et al. 2017) (Figure 1.2).  
If atmospheric CO2 concentrations surpass 500 ppm and global seawater temperatures rise by 
at least 2°C above pre-industrial levels, unsustainable coral bleaching and mortality will occur 
in the tropics at a global scale (Hoegh-Guldberg 1999; Barros et al. 2014). This threshold is 
expected to be reached by 2050- 2100 if we continue on the business-as-usual RCP8.5 
pathway and the exact effects of these changes to coral reef ecology are not entirely 
understood (Meinshausen et al. 2009; Kroeker et al. 2013b; Hughes et al. 2017b). Limited 
studies have examined the effects ocean warming and acidification have on wider coral reef 
communities and ecosystems dynamics (Dove et al. 2013; Ban et al. 2014), with species 
interactions and the combined impacts of multiple stressors often ignored in assessments of 
climate change impacts (Tylianakis et al. 2008; Wernberg et al. 2012; Kroeker et al. 2013b).  
 
1.2.2. LOCAL STRESSORS: OVERFISHING, EUTROPHICATION, AND SEDIMENTATION 
Changes in global climate are not the only driver of change in the status of coral reefs.  
Disturbances such as overfishing and pollution are also leading to the decline of coral reefs 
(Hughes 1994; McCook 1999; Pandolfi et al. 2003; Fabricius et al. 2005; Burkepile and Hay 
2006; Hughes et al. 2007; Smith et al. 2010). Increased use of fertilizer and land clearing for 
agriculture, inadequate waste management facilities, and land reclamation are contributing to 
water quality degradation on local to region scales (Szmant 2002; Fabricius 2005; Jaleel 2013). 
Globally, the overfishing herbivorous reef fish have led to reductions in herbivory (Jackson et 
al. 2001). The concepts of ‘top-down’ and ‘bottom-up’ controls are often used to describe 
whether the actions of predators (i.e., herbivory) or resource availability (i.e., nutrients) regulate 
macroalgal biomass on coral reef ecosystems (i.e., McManus and Polsenberg (2004)).  
While both herbivore removal and increased nutrient concentrations commonly result in 
increases in the abundance of macroalgae (Hughes 1994; McCook 1999; Fabricius et al. 2005; 
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Burkepile and Hay 2006; Hughes et al. 2007), the relative importance of top-down versus 
bottom-up drivers in regulating macroalgal has been debated and their consequences are 
complex and diverse (Hughes et al. 1999; Lapointe 1999; Burkepile and Hay 2006; Littler et al. 
2006; Littler and Littler 2007; Mumby and Steneck 2008). Studies have generally shown 
stronger effects of herbivory over nutrient concentrations (reviewed in Burkepile and Hay 
(2006)), with mixed effects at the functional group level. A topical review by Littler and Littler 
(2007) identifies four benthic community structures based on varying levels herbivory and 
nutrient concentrations: (i) a predominance of corals and CCA relative to low levels of fleshy 
macroalgae and algal turfs indicate a good condition reflecting low nutrients and high herbivory; 
(ii) an abundance of fleshy macroalgae indicates the least desirable condition of elevated 
nutrient concentrations and reduced herbivory; (iii) high cover of CCA suggests high herbivory 
levels, but problems with elevated nutrients which may inhibit some corals; (iv) domination of 
turf algal assemblages indicates low nutrient levels, but an inadequate herbivory component. 
Maintaining herbivore biomass and reducing coastal pollution may help prevent, or delay, 
macroalgal proliferation on future reefs (Hughes et al. 2003; Hoegh-Guldberg et al. 2007; 
Harley et al. 2012).   
 
1.3. MACROALGAE ON CORAL REEFS 
Macroalgae play an integral, although not fully understood, role in the ecology and functioning 
of coral reef ecosystems (Mumby and Steneck 2008; Fong and Paul 2011; Mumby and van 
Woesik 2014). Macroalgae significantly contribute to reef production and food webs, nutrient 
retention and recycling (Meyer and Schultz 1985), carbonate sediment production (Drew 1983; 
Rees et al. 2007) and reef cementation (Fabricius and De'Ath 2001). A subset of macroalgae, 
the epithetic algal community (EAC), are important contributors to primary production on coral 
reef ecosystems (Odum and Odum 1955; Hatcher and Larkum 1983; Carpenter 1985; 
Carpenter 1986). Although inconspicuous, the EAC is composed primarily of small filamentous 
green, red and blue-green algae, and represents a large proportion of the benthic cover of coral 
reefs (Carpenter 1981; Hatcher and Larkum 1983; Carpenter 1985; Klumpp and McKinnon 
1989). The natural state of macroalgae varies in space and time due to a combination of biotic 
(i.e., competition, herbivory) and abiotic (i.e., wave action, temperature) processes (Steneck 
and Dethier 1994; Connell et al. 2004; Fong and Paul 2011; Bruno et al. 2014). Over the past 
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few decades, however, a combination of local and global anthropogenic disturbances has 
contributed to a decline in reef-building corals and the proliferation of macroalgae on coral reef 
ecosystems globally (Pandolfi et al. 2003; Bellwood et al. 2004; McManus and Polsenberg 
2004). 
 
1.3.1 NATURAL DRIVERS  
Understanding the effects of natural processes on macroalgal abundance and distribution is 
an important step in understanding perturbed systems. Macroalgae exhibit natural latitudinal, 
regional, within reef, and temporal patterns due to variability in a suite of environmental 
parameters. For example, macroalgae are very susceptible to physical disturbance and can be 
removed as a consequence of wave action (Rogers 1997; Becerro et al. 2006; Diaz-Pulido et 
al. 2007). Additionally, grazing, competition, temperature, light and nutrients vary along 
environmental gradients and are important drivers of the spatial variability of macroalgae 
(McCook 1997; Diaz-Pulido et al. 2007; Fong and Paul 2011). Seasonally, variation in 
temperature (Glenn et al. 1990; Ateweberhan et al. 2006; Ferrari et al. 2012b; Fulton et al. 
2014), water motion (Becerro et al. 2006), and light (Mathieson and Dawes 1986; Fong and 
Zedler 1993; Ferrari et al. 2012b) are considered key drivers of the seasonality of macroalgae.  
Macroalgal functional groups exhibit distinct patterns in their distribution across reefs. 
Generally, inshore and sheltered reefs have more developed fleshy macroalgal assemblages 
than offshore and exposed reefs, which have higher cover of CCA and turf algal assemblages 
(Hay 1981; Fabricius and De'Ath 2001; Diaz-Pulido et al. 2007). Large macroalgae taxa (i.e., 
Sargassum) are highly seasonal, exhibiting pronounced peaks in biomass and reproduction 
certain seasons, depending on region (Ateweberhan et al. 2005; Lefèvre and Bellwood 2010; 
Fulton et al. 2014). While macroalgal groups such as CCA display seasonal growth patterns, 
these algae are not known to ‘bloom’ like fleshy groups (Lewis et al. 2017). Because macroalgal 
functional groups exhibit clear spatial and seasonal patterns, reef-monitoring should ideally 
take place during the same time of year and at the same location. However due to logistical 
constraints (i.e., weather, financial limitations), monitoring of coral reefs often occurs in 
response to a disturbance and rarely ever considers seasonal and spatial variability. For 
example, the Australian Institute of Marine Sciences (AIMS) long-term monitoring of the 
southern GBR performed consecutive annual benthic cover assessments in three different 
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seasons (https://www.aims.gov.au/docs/research/monitoring/reef/reef-monitoring.html). This 
type of coral reef monitoring leaves uncertainty around the natural levels of macroalgae across 
habitats and regions (Bruno et al. 2014).  
 
1.4. CORAL-ALGAL INTERACTIONS 
Competition on coral reefs is a major factor in defining benthic community composition (Connell 
1976; Connell 1983; Carpenter 1990; Lang and Chornesky 1990). Driven primarily by the 
limiting resources of space and light, a variety of intraspecific and interspecific competition 
occurs between species on any given coral reef (Connell 1976; Connell 1983; Lang and 
Chornesky 1990; Karlson and Hurd 1993). Many sessile organisms compete with corals for 
space (Chadwick and Morrow 2011). Macroalgae, however, are among the most prominent, 
as the interplay between coral and macroalgae is often used to define ecosystem health 
(Mumby et al. 2007; Bruno et al. 2009). Even though coral-algal interactions may play an 
important role in the degradation of coral reefs (McCook 1999), their outcomes and implications 
for ecosystem dynamics are not well understood (Longo and Hay 2015; Jorissen et al. 2016). 
Competition between coral and macroalgae may take either of two forms: (i) direct aggressive 
behaviour or (ii) indirect defensive behaviour (Connell 1976; Connell 1983; Lang and 
Chornesky 1990). Several prominent mechanisms, reviewed by McCook et al. (2001) and 
Chadwick and Morrow (2011), can take place: pre-emption (Birrell et al. 2008), overgrowth or 
smothering, abrasion (Box and Mumby 2007; Wolf et al. 2012), shading, allelopathy (Rasher 
and Hay 2010; Rasher et al. 2011; Bonaldo and Hay 2014) and microbial enhancement (Smith 
et al. 2006; Barott et al. 2009b; Barott et al. 2011; Wangpraseurt et al. 2012; Haas et al. 2013). 
Studies mostly demonstrate negative impacts, resulting in reductions in coral growth, 
calcification, reproduction and survivorship (Tanner 1995; McCook et al. 2001; Jompa and 
McCook 2003b; Box and Mumby 2007; Foster et al. 2008; Ferrari et al. 2012a; Thurber et al. 
2012).  Macroalgal growth, pigmentation and chemical defences can also be compromised by 
contact with corals (van Steveninck et al. 1988; Nugues et al. 2004a; Diaz‐Pulido et al. 2011; 
Longo and Hay 2015). Although competition between coral and macroalgae is often defined by 
whether or not physical contact is involved (Nugues et al. 2004b; Titlyanov et al. 2007; Barott 
et al. 2009a; 2011; 2012; Dixson and Hay 2012; Jorissen et al. 2016),. 
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Competitive interactions can include positive effects, with positive species interactions 
becoming increasingly recognized as important drivers of community structure (Bruno et al. 
2003; Bulleri 2009). In marine environments, the two most common mechanisms of facilitation 
(i.e., an interaction that benefits one and causes harm to neither) involve either the reduction 
in consumer pressure or the amelioration of physical conditions (Bulleri 2009). It is not 
uncommon for interactions that are negative in some situations to become positive in others. 
Macroalgae have been shown to reduce corallivory by fishes (Venera-Ponton et al. 2011) and 
crown-of-thorns starfish (COTS) (Clements and Hay 2015), as well as prevent coral bleaching 
by reducing light levels during heat stress (Jompa and McCook 1998). Corals can provide 
comparable benefits in the form of habitat and biotic refugia for macroalgae (Kerr and Paul 
1995; Bennett et al. 2010; Castro-Sanguino et al. 2016). While the negative effects of coral-
algal competition are well documented (Tanner 1995; Box and Mumby 2007; Foster et al. 2008; 
Ferrari et al. 2012a; Thurber et al. 2012), any indirect or positive effects remain poorly 
understood (Clements and Hay 2015).  
Outcomes of coral-algal interactions are dependent on a range of factors including 
environmental conditions, the kind of species involved, the size of the coral colony, and the 
proportion of macroalgae in contact with the coral (Barott et al. 2012; Bender et al. 2012; Ferrari 
et al. 2012a; Brown and Carpenter 2014; Swierts and Vermeij 2016). Allelopathic macroalgae 
are often considered to be the most damaging to competing coral (Jompa and McCook 2003a; 
Rasher and Hay 2010; Bonaldo and Hay 2014), whereas non-allelopathic, fleshy macroalgae 
(i.e., Sargassum and Turbinaria) have increasingly been shown to have no negative effects on 
competing corals (Rasher and Hay 2010; Bonaldo and Hay 2014). Corals in contact with CCA 
are commonly more successful on reefs (Barott et al. 2011), as CCA are less harmful to corals 
than turf or fleshy macroalgae (Barott et al. 2009a; Vermeij et al. 2010; Barott et al. 2012; 
Bender et al. 2012). Coral colonies with greater surface area tend to be less affected by 
macroalgae contact (Connell et al. 2004; Paul et al. 2011; Barott et al. 2012; Ferrari et al. 
2012a). Additionally, very small coral colonies (less than 5cm) tend to be more detrimental to 
competing macroalgae than intermediate sized colonies (between 20 and 40cm) (Barott et al. 
2012; Swierts and Vermeij 2016). Coral colonies with a greater proportion of their perimeter 
surrounded by macroalgae experience larger reductions in growth (Ferrari et al. 2012a) and 
fecundity (Foster et al. 2008).  
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Anthropogenic ocean warming and acidification have been shown to disrupt some competitive 
mechanisms. Macroalgal contact in combination with elevated temperature has been shown to 
have adverse, synergistic effects on coral photosynthetic efficiency and tissue loss (Kersting 
et al. 2015). Macroalgal contact in combination with ocean acidification can enhance 
macroalgal chemical competitive mechanisms, leading to increased coral tissue loss and 
mortality (Diaz‐Pulido et al. 2011; Del Monaco et al. 2017). Additionally, the effects of ocean 
acidification can amplify the negative effects of macroalgal contact on coral larval survival and 
settlement (Campbell et al. 2017). However, seasonal investigations into coral-algal 
competition are limited (Haas et al. 2010) and have not been examined under the combined 
stressors of warming and acidification, leaving uncertainty on how coral-algal interactions will 
be affected by both anthropogenic ocean warming and acidification which invariably occur 
together under the influence of rising atmospheric CO2.  
 
1.5. THE DYNAMICS OF CORAL-ALGAL INTERACTIONS ON CORAL REEF ECOSYSTEMS  
As developed above, tropical coral reefs worldwide are being increasingly degraded by human 
activities, and as a result, reef-building corals have declined and macroalgae have become 
more prevalent (McManus and Polsenberg 2004). An increase in macroalgae is perceived as 
negative, because macroalgae tends to outcompete coral for space, causing reductions in coral 
growth, survival, and recruitment (Tanner 1995; Birrell et al. 2008). As anthropogenic stressors 
intensify, altered competitive dynamics are expected to exacerbate ecosystem shifts (Diaz‐
Pulido et al. 2011; Kroeker et al. 2013a; Kersting et al. 2015; Campbell et al. 2017; Del Monaco 
et al. 2017). Even so, the direction and extent to which environmental and anthropogenic 
drivers influence the trajectory of coral reefs is not well understood. To improve our 
understanding of coral-algal phase shifts and coral-algal interactions, this thesis investigates 
whether environmental changes due to natural, local or global stressors can drive phase-shifts 
by influencing coral-algal interactions, determining the type of interactions that occur, or altering 
macroalgal competitive ability. 
 
1.5.1. THE DYNAMICS OF CORAL-ALGAL INTERACTIONS IN SPACE AND TIME ON THE SOUTHERN 
GREAT BARRIER REEF 
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Numerous studies have examined coral reef composition and coral-algal interactions, but few 
have investigated the environmental conditions controlling seasonal and within reef 
differences, particularly in environments unexposed to anthropogenic impacts (Ferrari et al. 
2012b; Fulton et al. 2014). In a series of field experiments conducted over a 23-month period, 
the effects of seasonality and spatial variability on the dynamics of coral reef composition and 
coral-algal interactions were investigated at Heron reef on the southern GBR. Through 
continuous monitoring of a suite of physical parameters such as temperature and light, we 
examine if and to what extent physical conditions control spatial and seasonal patterns in 
benthic cover and coral-algal interactions. We expected environmental conditions to fluctuate 
naturally between seasons and within distinct reef habitats, influencing benthic cover and the 
composition and frequency of coral-algal interactions. The results of this long-term experiment 
improve our understanding of how environmental conditions control spatio-temporal changes 
in macroalgal communities, and how changes in benthic cover influence the frequency and 
composition of coral-algal interactions. 
 
1.5.2. HUMAN ACTIVITIES INFLUENCE BENTHIC COMMUNITY STRUCTURE AND THE COMPOSITION 
OF THE CORAL-ALGAL INTERACTIONS IN THE CENTRAL MALDIVES 
Even though decreasing water quality and the over-exploitation of marine organisms such as 
herbivorous fish has been shown in many coral reef ecosystems, there’s a lack of physical 
monitoring data on nutrient inputs and concentrations, sedimentation rates and fishing 
intensity, making assessments of these local stressors difficult (Bruno and Valdivia 2016). As 
an alternative approach, studies have related localized coral reef decline to human population 
density, assuming degradation increases with proximity to human populations (Knowlton and 
Jackson 2008; Mora 2008; Barott et al. 2012). While this approach has been widely used, 
previous studies have suffered from inadequate and non-random replication (Sandin et al. 
2008; Gilmour et al. 2013). The clumped nature of human populations in the Maldives 
presented a unique environment in which to study the direct effects of human influences where 
the main local anthropogenic stressors are predominantly sedimentation and eutrophication, 
not the overfishing of herbivorous reef fish (McClanahan 2011). Using a series of field 
experiments, we investigated how a natural gradient of human population influences the 
relative abundance of benthic organisms, and if changes in benthic cover can influence the 
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diversity, frequency and outcomes of coral-algal interactions. The results of Chapter 3, 
consequently, provide novel insights into our understanding of how proximity to local human 
population can lead to changes in benthic cover as well as changes in the composition and 
diversity of coral-algal interaction abundance, and add valuable information to the debate on 
how local human populations influence coral reef ecosystems.  
 
1.5.3. TEMPORAL EFFECTS OF OCEAN WARMING AND ACIDIFICATION ON THE MECHANISMS OF 
CORAL-ALGAL COMPETITION 
While there is an ever-expanding list of impacts on coral reefs as a result of ocean warming 
and acidification (Hoegh-Guldberg et al. 2007; Anthony et al. 2008; Anthony et al. 2011; 
Pandolfi et al. 2011; Dove et al. 2013; Kroeker et al. 2013b; Horvath et al. 2016; Hughes et al. 
2017b), there is little information on how these global changes affect coral-algal competition 
(Campbell et al. 2017; Del Monaco et al. 2017). The fourth chapter of this thesis investigates 
the survivorship, calcification, and productivity of the common coral-algal interaction between 
the macroalga Halimeda heteromorpha and the coral Acropora intermedia. This study had two 
goals: (i) to assess the effects of seasonal changes on individual organismal physiology and 
interactive dynamics and (ii) to evaluate the impact of current, business-as-usual (RCP8.5) 
ocean warming and acidification conditions on individual organismal physiology and interactive 
dynamics. The results of this study identify the importance of seasonal changes in determining 
the direction and overall effect of coral-algal interactions, and improve our understanding of 
how the ecological interactions between species may change under these emerging and 
intensifying burdens.  
Consequently, this thesis is pursuing four key questions at the heart of understanding how the 
ecology and physiology of coral-algal interactions varies at several different scales and 
settings: 
1. Does benthic community structure vary naturally with spatial and seasonal changes in 
environmental conditions, and how do these changes influence the composition and frequency 
of coral-algal interactions?  
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2. Does proximity to dense human populations influence the relative abundance of benthic 
organisms, and do changes in benthic cover influence the diversity, frequency and outcomes 
of coral-algal interactions? 
3. Does seasonality influence organismal physiology or the mechanisms of coral-algal 
competition?  
4. How will the current projected rate of ocean warming and acidification impact the 
ecophysiology of a common coral, macroalga and their interaction?   
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2.1. ABSTRACT 
Globally, tropical coral reefs are being degraded by human activities, and as a result, reef-
building corals have declined while macroalgae have increased. Recent work has focused on 
measuring macroalgal abundance in response to anthropogenic stressors. To accurately 
evaluate the effects of human impacts, however, it is necessary to understand the effects of 
natural processes on reef condition. To better understand how coral reef communities are 
influenced by natural processes, we investigated how spatial and seasonal changes in 
environmental conditions (temperature and PAR) influence benthic community structure, and 
the composition and frequency of coral-algal interactions across 8 distinct zones and over a 
23-month period at Heron reef on the southern Great Barrier Reef. Hard coral cover and 
macroalgal density showed distinct spatio-temporal variations, both within and between zones. 
Broad hard coral cover was significantly higher at the reef slope sites compared to the lagoon 
and was not significantly influenced by season. The composition and biomass of macroalgae 
increased in spring and declined in summer, with maximum macroalgal abundance 
corresponding with average temperatures of between 22-24°C and average 24h PAR of 300-
500 µmol qanta m-2 s-1. Changes in macroalgal biomass further influenced the composition and 
frequency of coral-algal interactions, however the incidence of coral-algal contact was best 
explained by coral cover. The results presented here emphasize that natural levels of 
macroalgae and coral-algal interactions are context -specific, and vary not only with-in zones, 
but in somewhat predictable seasonal cycles. Further, these results emphasize that the 
frequency of coral-algal interactions is dependent on hard coral, not just macroalgal cover, and 
an increase in coral-algal interactions does not necessarily translate to degradation of coral 
reefs. 
Keywords: coral-algal interactions; seasonality; environmental drivers; spatial variation; coral 
reef 
 
2.2. INTRODUCTION 
Many coral reefs are shifting away from coral dominance to assemblages that include 
macroalgae (Pandolfi et al. 2003; McManus and Polsenberg 2004; Hughes et al. 2007). As a 
result, investigations into the drivers of coral-algal phase shifts have focused on disturbed 
ecosystems, where anthropogenic stressors (i.e., overfishing, eutrophication) are contributing 
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to the proliferation of macroalgae and an increase in coral-algal competition (Hughes 1994; 
Burkepile and Hay 2006; Hughes et al. 2007; Littler and Littler 2007; Smith et al. 2010). In order 
to understand the effects of human impacts, it is first necessary to understand how macroalgae 
respond to natural processes and to include more dynamic indicators of reef condition, such 
as coral-algal interactions (Connell et al. 2004; Bruno et al. 2014; Flower et al. 2017). Very few 
studies, however, have investigated natural drivers of the spatio-temporal dynamics of 
macroalgal biomass and its effect on coral-algal competition in the absence of anthropogenic 
influence (Bruno et al. 2014; Sangil and Guzman 2016).  
The natural state of macroalgae varies in space and time due to a combination of biotic (i.e., 
competition and herbivory) and abiotic (i.e., wave action and temperature) processes (Steneck 
and Dethier 1994; Connell et al. 2004; Bruno et al. 2014). Spatially, macroalgae display distinct 
within and between reef patterns in biomass and community composition (Diaz-Pulido et al. 
2007; Wismer et al. 2009). Macroalgae also show marked seasonal dynamics, primarily due to 
strong seasonal oscillations in temperature and light (Glenn et al. 1990; Ateweberhan et al. 
2006; Fulton et al. 2014). The effects of spatio-temporal variability on tropical macroalgae, 
however, have mostly been inferred from the occurrence of seasonal peaks and have 
principally focused on large, conspicuous species (i.e., Sargassum) that bloom in the austral 
summer (Vuki and Price 1994; McCook 1997; Lefèvre and Bellwood 2010). Comparatively, 
little is known about a large proportion of macroalgae, which predominantly grow in the austral 
autumn, winter and spring (Price 1989; Rogers 1996; Rogers 1997; Schaffelke and Klumpp 
1997). Furthermore, environmental factors do not operate independently, and investigations 
into how temperature and light interact to influence macroalgal seasonality have been less 
clear (Mathieson and Dawes 1986; Fong and Zedler 1993; Ferrari et al. 2012). 
One apparent consequence of an increase in macroalgal abundance is a shift in the intensity 
of coral-algal competition (Connell et al. 2004; Diaz-Pulido et al. 2009; Haas et al. 2010). 
Competition between coral and macroalgae for limiting resources (i.e., space and light) can 
lead to reductions in coral growth and survival (Tanner 1995; Clements et al. 2018), which have 
serious implications for the structure and function of coral reef ecosystems. An increase in 
macroalgal abundance leads to an increase in coral-algal interactions (Hughes 1989; Hughes 
1994; Bonaldo and Hay 2014).  Understanding how natural seasonal shifts in macroalgae 
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influence the composition and frequency of coral-algal contact is critical for reef management 
(i.e., macroalgal removal programs), but remains unexplored.  
Heron reef (23.442°S, 151.914°E), a platform reef located ~50 km off the coast of Queensland 
in the Great Barrier Reef (GBR), represents a unique location to study natural variation in 
macroalgae and coral-algal interactions for several reasons. The high-latitude and offshore 
location within the GBR Marine Park indicate that seasonal fluctuations are pronounced and 
major anthropogenic influences such as overfishing and water quality degradation (i.e., 
sedimentation, eutrophication) are comparatively minor (De’ath et al. 2012). The southern, 
offshore reefs were the least affected GBR region from the cumulative footprint of the last three 
major coral bleaching events (Hughes et al. 2017), and since 1992, have experienced only one 
major damage-inducing cyclone in 2009 (Connell et al. 1997; Woolsey et al. 2012). Within 
Heron reef, specific geomorphological zones include a gamut of naturally variable benthic 
communities subject to distinct diel and seasonal changes in seawater conditions (Phinn et al. 
2012; Georgiou et al. 2015). As such, Heron reef is an ideal ecosystem to explore the influence 
of natural environmental drivers on fluctuations in benthic cover and coral-algal interactions 
across a complete reef system.   
Here, we test the following hypotheses concerning spatio-temporal fluctuations in benthic cover 
and the influence on the composition and frequency of coral-algal interactions: 
1. Benthic community composition is expected to vary across geomorphological zones, 
with higher coral cover and lower macroalgal cover on the reef slope compared to the 
lagoon.  
2. The abundance of macroalgae, rather than coral cover, is expected to fluctuate 
seasonally. 
3. Commoner species are expected to have more coral-algal interactions than rare 
species, and because coral is expected to vary by zone, and macroalgae by season, 
the frequency of coral-algal interactions is expected to vary by zone and season. 
4. Since competition for space only occurs between neighbors, greater coral-algal 
interactions are expected to occur when abiotic substrate is limited and hard coral and/or 
macroalgal cover is high. 
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2.3. MATERIALS AND METHODS 
2.3.1. STUDY SITES 
 
 
Figure 2.1. Geomorphic zones of Heron reef, southern Great Barrier Reef. Surveyed sites are 
indicated by name. Map data provided by Phinn et al. (2012). 
 
 
Surveys were performed at Heron Island, southern Great Barrier Reef across the 23-month 
study period between January 2015 and November 2016. To measure seasonal variation, a 
total of eight expeditions were undertaken representing each austral season twice. Eight sites 
were chosen to encompass the distinct geomorphological habitats of Heron reef (Phinn et al. 
2012) (Figure 1). Four reef slope sites were selected at two different depths (5 m and 8 m) on 
the northeast and southwest of Heron reef: Fourth Point 5 m (F5), Fourth Point 8 m (F8), Harry’s 
Bommie 5 m (H5) and Harry’s Bommie 8 m (H8) (Figure 1). The northeast of Heron reef is the 
exposed side, subject to extreme wave forces during cyclones, whereas the southwest rim is 
sheltered from waves generated by both the SE trade winds and extreme wave action of 
cyclones by Wistari reef (Bradbury and Young 1981; Connell et al. 1997; Connell et al. 2004). 
The northeast study area is the only area investigated located outside of the Marine National 
Park management zone, where fishing is permitted. One site was selected on the reef crest 
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(Reef Crest (RC)), and within the lagoon, three sites were chosen (Reef Flat (RF), Shallow 
Lagoon (SL), Deep Lagoon (DL)) (Figure 1). The lagoonal study area is shallow and periodically 
isolated at low tide, resulting in extreme diel fluctuations in seawater conditions (Kinsey and 
Kinsey 1967; Potts and Swart 1984; Georgiou et al. 2015).  
 
2.3.2. BENTHIC COMMUNITY COMPOSITION AND CORAL-ALGAL INTERACTIONS  
Benthic community composition and frequencies of coral-algal contact were recorded using 
the method described by Brown et al. (2017). At each site, 3 x 15 m transects were 
established coursing north, east and west from a central reference point. Benthic community 
composition was measured by recording percent cover from thirty 0.25 m2 quadrats per 
transect in situ, totalling 90 quadrats per site. Benthic community composition was 
determined from 22 categories, with the four central categories consisting of hard coral, other 
invertebrates, macroalgae, and abiotic substrate.  Commonly encountered coral families were 
chosen, representing a range of growth forms: Acropora- Isopora (ACR-ISO, including 
tabular/corymbose/branching/columnar varieties); Montipora (MON); Pocilloporidae (POCI); 
Poritidae- massive (PORM); Poritidae- encrusting/plating varieties (PORE); Poritidae- 
branching (PORB); Favidae- Lobophyllidae (FAV-LOB); and other hard corals (including non-
scleractinian corals). Macroalgae were differentiated as: fleshy macroalgae (i.e., Sargassum, 
Laurencia intricata), Halimeda, turf algae/cyanobacteria assemblages, and articulate/crustose 
coralline algae (ACA/CCA). Turf algae/cyanobacteria assemblages were distinguished as 
macroscopic assemblages that were generally > 3mm in height (Birrell et al. 2005). ‘Other 
invertebrates’ included organisms such as soft corals, giant clams, sea cucumbers, and all 
other invertebrates (i.e., sponges, ascidians). ‘Abiotic substrate’ was divided into 
sand/sediment, coral rubble, recently dead hard coral, and ‘bare’ rock (i.e., epithetic algal 
community with turf height < 3mm) (see definitions in Brown et al. (2017)).  
Along the same transects, a 1 m belt (0.5 m on either side) of the transect line was examined 
and any coral colonies physically touching macroalgae were documented (Brown et al. 2017). 
A single coral colony (i.e., corals with more than one corallite) could be involved in multiple 
competitive interactions with different macroalgal taxa or groups (Swierts and Vermeij 2016). 
The types of interacting corals and macroalgae were recorded to genus level, with the 
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exception of cyanobacteria, turf algae, and crustose coralline algae, which generally cannot 
be identified to genus level in situ (Steneck and Dethier 1994).  
To calculate the frequency of coral-algal contact, all coral colonies occurring along a transect, 
regardless of macroalgal contact, were counted. The total number of interactions per coral 
colony, allowing for multiple interactions per coral colony, was then determined by site and 
season by dividing the number of coral-algal interactions by the total number of coral colonies 
occurring per transect (i.e., number of interactions per coral). To calculate the most frequently 
encountered coral-algal interactions at each site, the five most abundant coral-algal 
interactions were established in each season. To visualize differences in interacting 
macroalgal taxa or groups by site and season, the total number of interactions were summed 
by macroalgal taxa or groups and divided by the total number of observed interactions so that 
the sum of all macroalgal components was 100%. 
2.3.3. ENVIRONMENTAL VARIABLES  
Variation in seawater temperature (°C) and irradiance (µmol quanta m-2 s-1) were monitored 
continuously from July 2015 to November 2016 (Figure S 2.1). Seawater temperatures were 
measured hourly, and photosynthetic active radiation (PAR) were integrated over hourly 
intervals at all sites by use of Conductivity Temperature Depth units (CTD; SBE 16plus V2 
SEACAT) fitted with an auxiliary PAR sensor (Satlantic/ECO-PAR sensor, WET Labs). At 
Fourth Point 8m, seawater temperature (HOBO Pendant UA-001-64, Onset) and PAR 
(Odyssey PAR sensor, Dataflow Systems Ltd) were recorded using other sensors. All PAR 
sensors were fitted with copper coating to prevent biofouling, cleaned in situ at least monthly, 
and removed every three months to clean thoroughly, exchange batteries, and download the 
data. 
 
2.3.4. STATISTICAL ANALYSES 
Statistical analyses were conducted using R version 3.3.2 software (2014), and plots were 
produced using the package ggplot2 (Wickham 2016). Differences in benthic community 
composition and coral-algal interaction composition were analyzed using permutational 
MANOVAs (PERMANOVA), with the fixed effects of site and season using the adonis function 
in the vegan package. Resemblance matrices were obtained using Bray-Curtis dissimilarity 
and 9999 permutations. Significant PERMANOVA results were explored by running separate 
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two-way ANOVAs on explicit benthic categories. Differences in the frequency of coral-algal 
contact were also explored using a two-way ANOVA. The categorical factors contained the 
following levels: season (spring, summer, autumn, winter) and site (H8, H5, RC, RF, SL DL, 
F5, F8). Transects were used as replicates. Data were tested and met the assumptions for 
homogeneity of variance (Levene’s test) and normality of distribution (Normal Q-Q plots). 
Significant interactive effects were followed by pairwise comparison with Tukey post hoc tests.  
All generalized additive models (GAMs) were applied to data sets using the package mgcv 
(Wood 2006). In all models, the number of knots were restricted (k=4) to produce conservative 
models and avoid overfitting. To quantify the response of the frequency of coral-algal contact 
to benthic cover, three GAMs were fit using hard coral, macroalgae, and abiotic substrate as 
predictor variables.  
To explore the response of macroalgal abundance to seasonal changes in environmental 
conditions, we fit all possible model combinations using seasonally averaged temperature (°C; 
mean of hourly measurements) and PAR (µmol quanta m-2 s-1; mean of 24-hour 
measurements) as predictor variables (Table 1). Cyclic penalized cubic regression splines (cc) 
and tensor product interactions (ti) were chosen as the smoothers for the separate covariates 
and interactions terms, respectively. The model requires interaction terms because the 
combined effect of both predictor variables differs from their separate effect (Wood 2006). The 
model structure was developed using a stepwise procedure: temperature was added first, 
followed by irradiance, and finally the interaction term (Yi et al. 2016). These models were 
compared using the Akaike Information Criterion Corrected (AICc). A three-dimensional 
‘perspective’ plot was generated using the vis.gam function in the mgcv package.  
 
2.4. RESULTS 
2.4.1. EFFECT OF SITE AND SEASON ON BENTHIC COMMUNITY COMPOSITION 
Benthic community composition was significantly influenced by both site (PERMANOVA, F 
(1,167) = 58.37, p < 0.0001) and season (PERMANOVA, F (1,167) = 2.105, p = 0.039). Broad hard 
coral cover was significantly higher at the reef slope sites compared to the lagoon and was not 
significantly influenced by season (Table 2.2).  Specific hard coral functional groups showed 
distinct spatial patterns, but not seasonal patterns interactive or otherwise (Table 2.2). 
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Acropora-Isopora was the most abundant across Heron reef, with the highest cover on the reef 
slope and reef crest (Table 2.2). Montipora was highest on the southwest reef slope and was 
nearly absent in the lagoon (Table 2.2). The family of hard coral Pocilloporidae was found at 
every site (Table 2.2). The different growth forms of the coral family Poritidae showed variable 
spatial patterns, with the highest density of Poritidae- branching and Poritidae- massive 
occurring at the Deep Lagoon; and generally low levels of Poritidae- plating/encrusting across 
Heron reef (Table 2.2). Massive corals of the families Favidae- Lobophyllidae were found at 
every site, with the greatest abundance observed on the southwest side of Heron reef (Table 
2.2). 
Fleshy macroalgal cover varied by both site and season, with the highest cover observed in 
the lagoon and in spring (Table 2.2, Figure 2.2). Halimeda cover varied by site, with significantly 
higher cover on the north side of Heron reef (Table 2.2, Figure 2.2). The cover of 
crustose/articulate coralline algae (CCA/ACA) also significantly varied by site, with the highest 
cover observed on the reef crest (Table 2.2, Figure 2.2). Turf algae/cyanobacteria 
assemblages were influenced by both site and season, with cover generally highest on the reef 
slope and significantly lower in winter (Table 2.2, Figure 2.2). Abiotic substrate cover was 
highest in the lagoon and did not significantly vary with season (Table 2.2). 
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Table 2.2.1. Average benthic community composition, temperature and irradiance by season and site from Heron Island, southern Great 
Barrier Reef. Hard coral, macroalgae and abiotic composition are percent cover (mean ± SD; n=24) at each site in each austral season. 
Other invertebrate cover not reported. Temperature (°C) values are seasonal averages (mean ± SD) of measurements recorded at hourly 
intervals, and photosynthetic active radiation (PAR; µmol quanta m-2 s-1) values are seasonal averages (mean ± SD) of 24-hour 
measurements. 
 
Season Site Hard coral SD Macroalgae SD Abiotic  SD Temperature SD PAR SD 
Autumn Deep Lagoon 15.51 5.9 26.22 14.7 60.67 19.6 25.70 1.33 151.67 248.85 
Autumn Fourth Point 5m 61.25 9.4 19.37 2.9 21.33 11.0 26.14 1.08 157.09 240.38 
Autumn Fourth Point 8m 25.73 11.0 31.21 6.8 45.67 8.9 26.54 1.07 45.85 68.92 
Autumn Harry's Bommie 5m 78.26 2.5 8.72 3.7 14.56 4.2 26.06 0.98 51.67 82.63 
Autumn Harry's Bommie 8m 70.49 9.7 7.84 2.9 21.12 10.0 25.81 1.04 43.71 75.20 
Autumn Harry's Tower 50.48 15.7 20.97 6.3 29.92 17.2 25.78 1.24 155.25 269.85 
Autumn Inner Reef Flat 16.87 3.5 21.43 6.0 64.04 7.9 25.68 1.26 338.19 498.50 
Autumn Shallow Lagoon 2.21 1.3 28.42 7.5 69.69 7.8 26.10 1.23 112.02 181.38 
Spring Deep Lagoon 14.18 6.5 32.28 23.1 55.39 29.6 23.46 1.42 223.13 319.99 
Spring Fourth Point 5m 66.03 10.1 16.72 2.2 18.83 10.0 23.07 0.97 220.43 319.10 
Spring Fourth Point 8m 24.64 9.2 37.67 8.2 40.14 2.9 23.49 1.02 61.68 88.36 
Spring Harry's Bommie 5m 81.22 3.7 8.75 3.1 11.81 2.6 22.99 1.03 103.36 152.94 
Spring Harry's Bommie 8m 77.33 8.8 6.08 1.8 17.61 9.4 23.08 0.97 97.76 142.94 
Spring Harry's Tower 54.00 14.9 19.61 5.0 28.11 17.3 23.25 1.27 242.38 390.00 
Spring Inner Reef Flat 16.83 3.7 27.11 4.5 58.53 7.0 23.19 1.27 461.43 637.05 
Spring Shallow Lagoon 2.25 1.7 36.78 12.5 61.69 13.8 23.42 1.47 230.19 389.56 
Summer Deep Lagoon 13.50 7.3 21.28 15.1 67.78 22.0 26.95 1.00 176.54 269.66 
Summer Fourth Point 5m 62.56 9.0 21.50 2.3 17.17 9.0 26.43 0.78 197.57 284.99 
Summer Fourth Point 8m 25.28 8.8 29.17 3.2 47.00 7.6 26.79 0.76 73.88 106.13 
Summer Harry's Bommie 5m 74.56 6.9 8.50 4.2 18.44 9.9 26.57 0.71 99.26 138.49 
Summer Harry's Bommie 8m 76.39 8.4 7.33 2.8 16.83 5.8 26.57 0.68 89.09 127.10 
Summer Harry's Tower 60.00 14.3 15.78 2.3 25.83 15.2 26.60 0.99 181.79 286.85 
Summer Inner Reef Flat 19.89 3.1 22.00 1.2 60.89 3.8 26.74 1.11 514.94 698.59 
Summer Shallow Lagoon 4.00 1.4 19.39 3.2 77.11 4.0 26.95 1.25 283.09 444.79 
Winter Deep Lagoon 15.53 6.3 28.08 18.2 59.08 23.0 21.43 0.87 145.33 242.85 
Winter Fourth Point 5m 62.00 10.9 19.92 2.5 19.42 10.3 21.82 0.79 127.16 216.47 
Winter Fourth Point 8m 24.92 10.5 26.63 5.3 50.56 9.4 22.04 0.75 37.12 59.35 
33 
 
Winter Harry's Bommie 5m 74.75 6.0 8.36 3.6 18.33 8.3 21.78 0.67 47.51 86.87 
Winter Harry's Bommie 8m 69.97 20.0 8.22 5.1 19.09 9.2 21.81 0.71 46.79 76.39 
Winter Harry's Tower 53.92 16.1 18.64 7.2 29.25 18.5 21.80 0.92 154.20 287.75 
Winter Inner Reef Flat 17.46 1.8 20.19 1.5 64.94 3.2 21.70 0.95 264.40 425.55 
Winter Shallow Lagoon 2.69 1.8 36.36 11.0 61.61 12.0 21.68 0.88 128.35 301.12 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
34 
 
Table 2.2.2. Results of the statistical analyses (two-way ANOVAs) on benthic community composition. 
Response variable Factor(s) df F p Post-hoc 
Hard coral (broad) Site 7,136 207.49 <0.00001 H8 = H5 > F5 > RC > F8 > RF = DL > SL 
 Season 3,136 0.585 0.63  
 Site x Season 21,136 0.305 0.99  
Acropora- Isopora Site 7,136 93.5 <0.00001 H8 = H5 = RC > F5 > F8 > RF > DL= SL 
 Season 3,136 0.32 0.81  
 Site x Season 21,136 0.25 1  
Montipora Site 7,136 236.6 <0.00001 H8 > H5 = F5 > F8 = RC = RF = DL= SL 
 Season 3,136 0.83 0.48  
 Site x Season 21,136 0.76 0.76  
Pocilloporidae Site 7,136 18.3 <0.00001 DL = F5 = RC > RF = H5 = H8 = F8 = SL 
 Season 3,136 0.15 0.93  
 Site x Season 21,136 0.32 0.99  
Poritidae (branching) Site 7,136 42.3 <0.00001 DL > RF = F5 = H8 = F8 = H5 = HT = SL 
 Season 3,136 0.77 0.51  
 Site x Season 21,136 0.97 0.5  
Poritidae (massive) Site 7,136 10.9 <0.00001 H5 = DL = RC > F5 > H8 = F8 = RF = SL 
 Season 3,136 0.25 0.86  
 Site x Season 21,136 0.32 0.99  
Poritidae (plating/encrusting) Site 7,136 4.1 <0.00001 H5 > H8 = RC = F5 = F8 = RF = DL= SL 
 Season 3,136 2.7 0.05  
 Site x Season 21,136 1.49 0.09  
Favidae- Lobophyllidae  Site 7,136 53.1 <0.00001 H5 = H8 > F5 > RC = RF = SL = DL = F8 
 Season 3,136 0.077 0.97  
 Site x Season 21,136 0.46 0.98  
Macroalgae (broad) Site 7,136 29.2 <0.00001 SL > RF = DL > RC = F8 = F5 > H8 = H5 
 Season 3,136 2.01 0.12  
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 Site x Season 21,136 0.88 0.61  
Fleshy macroalgae Site 7,136 39.2 <0.00001 SL > RF = DL > RC = F8 = F5 = H8 = H5 
 Season 3,136 4.78 0.003 spring = winter > autumn = summer 
 Site x Season 21,136 1.3 0.17  
Halimeda Site 7,136 92.6 <0.00001 F8 > F5 > DL = RC = RF = SL > H8 = H5 
 Season 3,136 0.15 0.93  
 Site x Season 21,136 0.53 0.95  
crustose/articulate coralline algae 
(CCA/ACA)  
Site 7,136 23.5 <0.00001 RC > DL = F8 > F5 > H5 = RF = SL = H8 
 Season 3,136 1.3 0.29  
 Site x Season 21,136 0.31 0.99  
Turf algae/cyanobacteria  Site 7,136 12.5 <0.00001 F8 = H8 = H5 = RC > RF > DL = F5 = SL 
 Season 3,136 5.02 0.002 spring = summer = autumn > winter 
 Site x Season 21,136 1.2 0.27  
Abiotic (broad) Site 7,136 57.75 <0.00001 SL = RF = DL > F8 > RC = F5 = H5 = H8 
 Season 3,136 1.27 0.29  
 Site x Season 21,136 0.325 0.99  
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Figure 2.2. The cover of macroalgae and the composition of macroalgal taxa by season and site. (a) 
Percent cover (mean ± SE; n= 6) of broad macroalgal taxa by season. (b) Percent cover (mean ± SE; 
n= 24) of broad macroalgal taxa by site. (c) Seasonal differences in the composition of interacting 
macroalgal taxa. (d)  Differences in the composition of interacting macroalgal taxa by site. The total 
number of interactions were summed by macroalgal taxa and divided by the total number of 
interactions so that the sum of all macroalgal components was 100%. 
 
2.4.2. EFFECT OF TEMPERATURE AND IRRADIANCE ON MACROALGAL ABUNDANCE 
AICc indicated that the best-fit GAM incorporated both temperature and irradiance to best 
explain macroalgal abundance. Maximum macroalgal abundance corresponded with average 
temperature of between 22-24°C and average 24h PAR of 300-500 µmol quanta m-2 s-1 (Figure 
2.3). Two smaller peaks were observed when average 24h PAR was 150-300 µmol quanta m-
2 s-1 and average temperatures were ~21°C and ~26°C. At the warmest observed temperature 
(~26°C) and highest observed light intensity (24h PAR: 400-500 µmol quanta m-2 s-1), 
macroalgal abundance was lowest (Figure 2.3).  
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Figure 2.3. Three-dimensional graphic output from generalized additive model (GAM) with 
temperature and irradiance as predictors of macroalgal abundance. Temperature (°C) values are 
seasonal averages of measurements recorded at hourly intervals, and photosynthetic active radiation 
(PAR; µmol quanta m-2 s-1) values are seasonal averages of 24-hour measurements. Plot was 
generated using the vis.gam function in the mgcv package (Wood 2006). 
 
2.4.3. EFFECT OF SITE AND SEASON ON THE FREQUENCY AND COMPOSITION OF CORAL-ALGAL 
INTERACTIONS 
The frequency of coral-algal contact was highest at the Reef Flat and Shallow Lagoon (ANOVA, 
F (1,160) = 26.9, p < 0.00001, post hoc: SL = IRF > F8 = DL > F5 = RC > H8 = H5) and was 
significantly reduced in summer (ANOVA, F (1,160) = 3.42, p = 0.01, post hoc: autumn = winter 
= spring > summer) (Figure 2.4). 
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Figure 2.4. Frequency of coral-algal contact by season and site. (a) Seasonal differences in 
frequency of coral-algal contact (mean ± SE; n= 48). (b) Variation in the frequency of coral-algal 
contact by site (mean ± SE; n= 24). The total number of coral-algal interactions, allowing for multiple 
interactions per coral, was determined per transect and divided by the total number of corals along the 
transect.   
 
A total of 207 unique coral-algal interactions were observed across all transects, representing 
30 coral and 21 macroalgal taxa or groups (Table S 2.1). The composition of coral-algal 
interactions was significantly affected by site (PERMANOVA, F (1,63) = 6.51, p = 0.0001) and 
season (PERMANOVA, F (1,62) = 1.33, p = 0.028). Depending on seasonal shifts in coral-algal 
interactions, each site could have up to 20 unique coral-algal interactions, with the 10 most 
abundant displayed (Figure 2.5). Generally, the most abundant coral taxa were the most 
commonly encountered coral interacting with macroalgae (Figure 2.5). For macroalgae, 
interactions with Halimeda were frequently encountered at the reef crest and northeast side 
of Heron reef (Figure 2.5). Turf algae were the most abundant macroalgae interacting with 
coral at southwest side of Heron reef (Figure 2.5). In the lagoon, frequently encountered 
coral-algal interactions fluctuated seasonally (Figure 2.5). 
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2.4.4. MODELLING THE EFFECT OF BENTHIC COVER ON THE FREQUENCY OF CORAL-ALGAL 
INTERACTIONS 
 
 
 
Relationships between the number of coral-algal interactions to hard coral cover (edf: 2.58, F 
= 23.21, p < 0 .00001), macroalgal cover (edf: 2.89, F = 11.5, p < 0 .00001), and abiotic 
substrate cover (edf: 1.92, F = 8.664, p = 0.0001) were non-linear and resembled parabolic, 
sinusoidal, and exponential decay curves, respectively (Figure 2.6). Hard coral cover explained 
29.6% of the deviance in coral-algal interaction frequency, macroalgal cover explained 17.1% 
Figure 2.5. Frequency of coral-algal interactions by site with inset displaying coral cover. For each 
site (A-H), the most frequently encountered coral-algal interactions were established, by combining 
the five most abundant coral-algal interactions from each season. Only the top 10 most dominant are 
displayed here (where applicable). Coral-algal interactions are abbreviated listing the coral first and 
algae second. Inset (a-h) displays boxplots (minimum, 25th percentile, median, 75th percentile, and 
maximum; n= 24) of hard coral functional group abundance. A- H abbreviations: Coral: Acr= 
Acropora; Fava = Favia; Favt = Favites; Galb = Galaxea (branching); Iso= Isopora; Lob= Lobophyllia; 
Mer = Merulina; Mon= Montipora; Poc = Pocillopora; Porb = Porites (branching); Porm = Porites 
(massive); Ser = Seriatopora; Sty= Stylophora Macroalgae: ACA = articulate coralline algae; Avr= 
Avrainvillea; CCA = crustose coralline algae; Cfas = Chlorodesmis fastigiata; Cimp= Chnoospora 
implexa; Col= Colpomenia; cyan= cyanobacteria; fila= filamentous or turf; Hal= Halimeda; Hcla = 
Hydroclathrus clathratus; Hyp= Hypnea; Lint= Laurencia intricata; Lob = Lobophora; Pad= Padina; 
Plo= Plocamium; Torn= Turbinaria ornata  a-h abbreviations: ACR-ISO = Acropora- Isopora; MON 
= Montipora; POCI = Pocilloporidae; PORM = Poritidae (massive); PORB = Poritidae (branching); 
PORE = Poritidae (encrusting); FAV-LOB = Favidae- Lobophyllidae 
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and abiotic substrate cover explained 11.6%. The greatest number of coral-algal interactions 
occurred when coral cover was ~50%, macroalgal cover was ~20%, and abiotic cover remained 
less than ~30% (Figure 2.6).   
 
Figure 2.6. The effect of benthic cover on the frequency of coral-algal interactions based on fitted 
parameter estimates ± 95% confidence intervals (shaded). The effect of (a) hard coral, (b) 
macroalgae, and (c) abiotic substrate on the frequency of coral-algal interactions. In each case, a 
generalized additive model (GAM) with integrated smoothness estimation was fit using the package 
mgcv (Wood 2006). 
 
 
2.5. DISCUSSION 
Tropical coral reefs worldwide are degrading due to human activities. In many cases, reef-
building corals have declined and macroalgae have become more prevalent (McManus and 
Polsenberg 2004). Recent work has focused on measuring macroalgal abundance in response 
to anthropogenic stressors (Hughes et al. 2007; Littler and Littler 2007; Smith et al. 2010). To 
evaluate the effects of human impacts, however, it is first necessary to understand the effects 
of natural processes on reef condition (Bruno et al. 2014; Flower et al. 2017). The results 
presented here highlight the key observation that natural levels of macroalgae and coral-algal 
interactions are context -specific, and do not only vary within zones, but also within the context 
of well-known seasonal cycles. Distinct spatio-temporal changes in temperature and light 
controlled the abundance of macroalgae, with macroalgal biomass peaking in spring and 
decreasing in summer. Given the important role that macroalgae and coral-algal interactions 
play in structuring coral reef ecosystems, these results indicate that frequent reef monitoring 
A B C 
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should be encouraged within and between zones to detect potential changes and avoid a loss 
of important information relating to the trajectory and resilience of coral reef ecosystems.  
The benthic community composition varied distinctly across the geomorphological zones, 
which was expected (Hatcher 1988; Phinn et al. 2012). Within the reef slope, however, 
differences in benthic community composition were revealed between the northeast and 
southwest sides of Heron reef. Regardless of depth, the southwest was characterized by very 
high hard coral cover (~80%) and low turf algal cover, indicating a healthy reef condition with 
high herbivory and low nutrients (Littler and Littler 2007). On the northeast side, community 
composition varied by depth, with high hard coral cover (~60%) at 5 m and at 8 m, 
comparatively low and uniform branching Acropora cover (~20%), high macroalgal cover and 
high amounts of coral rubble. Large decreases in coral cover at Heron reef over the 40-year 
period from the 1960s to the 1990s have been directly attributable to the localized effects of 
cyclones at particular locations (Connell et al. 1997; Connell et al. 2004). In 2009, waves from 
cyclone Hamish struck the northern side of Heron reef (Woolsey et al. 2012). The reduction in 
coral cover and increase coral rubble observed in this study suggest that the northeast reef 
slope at 8 m sustained localized damage due to the cyclone’s impact. The long-term study of 
Connell et al. (2004) indicates that recovery to ~20% coral cover on the northeast slope can 
occur in ~5 years post-cyclone, particularly when seeded from displaced fragments of fast-
growing branching Acropora, which is consistent with these findings.  
In addition to reduced coral cover and increased coral rubble, macroalgal cover was higher on 
the northeast side of Heron reef. On both the southwest and northeast slope, fleshy macroalgal 
cover remained very low (< 2%). The cover of the calcifying macroalgae Halimeda, however, 
was significantly higher on the exposed side. Halimeda is highly vulnerable to herbivory by 
fishes in the families Scaridae and Acanthuridae, suggesting an increase in biomass may be 
due to a reduction in these fish populations (Ferrari et al. 2012b; Castro-Sanguino et al. 2016). 
Although herbivorous fish abundances were not directly measured, the northeast study area is 
the only area investigated outside of the Marine National Park management zone, where fishing 
is permitted. Furthermore, the reduction in coral cover due to cyclone damage may have led to 
a decline in structural complexity, further reducing fish populations (Wilson et al. 2008), and 
ultimately leading to a greater abundance of Halimeda.  
42 
 
The lagoonal geomorphological zones were distinctly different from the reef slope, 
characterized by low hard coral cover, high macroalgal biomass and high cover of sand. Coral 
cover on the Heron reef flat has historically ranged between 0-20%, which is consistent with 
our observations of coral cover (~18%) (Connell et al. 2004). Although hard corals are believed 
to be sensitive to environmental extremes, recent studies have shown that corals are able to 
persist in marginal conditions of lagoon habitats (Camp et al. 2017) and increased temperature 
variability reduces the likelihood of coral bleaching (Safaie et al. 2018). Instead, persistently 
low coral cover in the Heron lagoon appears to be due to reduced coral recruitment due to the 
lack of hard substrate (Connell et al. 2004). In the shallow lagoon, hard substrates were 
present, but mostly as unconsolidated rubble banks, resulting in the lowest observed coral 
cover (< 5%) on Heron reef (Fox et al. 2003). At the reef flat and deep lagoon, there was a 
greater availability of suitable stabilized substrate, giving rise to a higher abundance of corals 
(Morrissey 1980). Competition for space with macroalgae may further prevent coral 
recruitment, with dense macroalgal populations blanketing the benthos and pre-empting coral 
settlement (Birrell et al. 2008). Average fleshy macroalgal cover ranged from 15% to 25% within 
the lagoon, which was facilitated by reduced grazing pressure due to periodic isolation at low 
tide (Hatcher and Larkum 1983; McCook 1997), reduced water movement and wave energy 
(Dollar 1982), and decreased competition with reef-building corals (Diaz-Pulido and McCook 
2004). 
Broad macroalgal abundance showed pronounced seasonal variations, and the seasonality of 
macroalgae tracked closely with spatio-temporal changes in temperature and light availability. 
The highest cover of fleshy macroalgae was observed in shallow, lagoonal environments in 
spring and was significantly lower in summer. Turf algal/cyanobacteria assemblages, on the 
other hand, were nearly absent in the winter, reflecting a preference towards warmer 
temperatures (O’Neil et al. 2012). Field observations were further supported by the modelled 
abundance of macroalgae using temperature and irradiance as predictors. Moderate 
temperature and high light, corresponding to spring temperature and shallow reef flat habitats, 
gave rise to the greatest macroalgal biomass. The lowest abundance of macroalgae was 
observed when both temperature and light were highest, corresponding with summer 
temperatures and high light environments. While seawater temperature and light have long 
been considered important drivers of macroalgal seasonality, the relationship between the two 
variables has been unclear (Mathieson and Dawes 1986; Fong and Zedler 1993). These results 
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yield a unique perspective on the interaction of light and temperature on macroalgal 
abundance, revealing a complex, non-linear response across environmental gradients. Further, 
these findings emphasize that natural levels of macroalgal abundance are context -specific, 
and vary not only within zones, but in somewhat predictable seasonal cycles. When 
investigating macroalgal abundance, both spatial and seasonal variability must be considered, 
particularly as seasonality in macroalgal abundance can impact a reef’s trajectory and 
resilience (Diaz-Pulido et al. 2009).  
In addition to macroalgal cover, the composition and frequency of coral-algal interactions 
showed distinct spatio-temporal variation. Commoner species are expected to have more 
interactions than rare species (Connell et al. 2004). On the reef slope, Acropora was the most 
abundant coral genera, resulting in the greatest number of interactions with macroalgae. On 
the southwest side of Heron reef, the most widespread interaction was between Acropora and 
turf algal assemblages. Many of these interactions were algal lawns cultivated by territorial 
damselfish (i.e., Stegastes sp.), whose aggressive behavior can reduce grazing pressure and 
allow dense turf algal mats to persist (Potts 1977; Bruno et al. 2014). While these interactions 
were frequently observed, a very small proportion of other coral-algal interactions were 
encountered and the incidence of coral-algal contact was the lowest on all of Heron reef. On 
the northeast side of Heron reef, the frequency of coral-algal contact was significantly higher, 
with a greater diversity of coral-algal interactions principally driven by interacting macroalgal 
taxa or groups. Interactions with Halimeda were common, reflecting the significantly higher 
abundance of this macroalga in the study area. Although fleshy macroalgal cover remained 
very low (< 5%), interactions between four genera of fleshy macroalgae, Plocamium, Hypnea, 
Avrainviella, and Asparagopsis, were principally encountered on the northeast reef slope at 8 
m. These taxa were observed selectively growing at the bases and among the branches of 
Acropora colonies, suggesting these interactions were occurring more than expected. The 
unique habitat within the Acropora canopy may provide refuge from herbivores or a reduction 
in water movement and in doing so, limit the ability of these macroalgal taxa to grow beyond 
the branches of the coral (Hay 1986; Jompa and McCook 2003b; Castro-Sanguino et al. 2016).  
The composition of coral-algal interactions in the lagoon differed considerably from the reef 
slope. Commonly observed lagoonal taxa Isopora, Pocillopora, and Porites were the most 
abundant in the reef flat, shallow lagoon, and deep lagoon, respectively (Morrissey 1980; 
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Tanner 1995). Similar to the reef slope, the dominant coral taxa were coral species that most 
frequently interacted with macroalgae. Unlike the reef slope, however, the composition of 
interactions in the lagoon varied seasonally, reflecting a seasonal shift in the macroalgal 
community. Several macroalgal taxa were observed interacting with corals only in the lagoon 
including fleshy macroalgal taxa Turbinaria, Sargassum, Padina, and Lobophora, which is 
consistent with previously reported spatial variation (Tanner 1995; Rogers 1997; Diaz-Pulido 
et al. 2007). A subset, Hydroclathrus, Colopomenia, Chnoospora, and Dictyota, were observed 
predominantly in spring, reflecting their ephemeral seasonality (Price 1989; Rogers 1997; 
Schaffelke and Klumpp 1997; Diaz-Pulido et al. 2007). These results highlight the unique 
seasonality of macroalgal taxa, even within the same functional group, and demonstrate that 
shifts in macroalgal taxa influence the composition of coral-algal interactions. Future studies 
should consider the seasonality of individual macroalgal taxa when investigating coral-algal 
competition.  
While on modern reefs it is believed that an increase in coral-algal interactions is synonymous 
with processes associated with reef degradation (Smith et al. 1981; Lewis 1986; Hughes 1989; 
Hughes 1994; Bonaldo and Hay 2014), the highest frequency of coral-algal interactions 
observed here were associated with healthy, spatially heterogeneous coral reef assemblages. 
Since competition for space takes place only between neighbors, coral-algal interactions would 
be expected to occur more often when abiotic space is low (Brown et al. 2017) and coral 
(Connell et al. 2004) or macroalgal cover are high (Smith et al. 1981; Lewis 1986; Hughes 
1989; Hughes 1994; Bonaldo and Hay 2014). Our results show that the greatest number of 
coral-algal interactions on Heron reef occur when coral cover is ~50%, macroalgal cover is 
~20%, and abiotic cover remains less than ~30%. Even though macroalgal abundance 
fluctuated naturally from as low as 1% to as high as 60% cover, an increase in macroalgal 
cover over 20% did not translate into an increase in coral-algal interactions, which is similar to 
some previous studies (Jompa and McCook 2003a; Brown et al. 2017) and in contrast to others 
(Smith et al. 1981; Lewis 1986; Hughes 1989; Hughes 1994; Bonaldo and Hay 2014). Instead, 
coral cover was the best predictor of the coral-algal interaction frequency. When coral cover 
was low (< 25%), there were fewer coral-algal interactions. This reduction in coral-algal 
interactions corresponded with an increase in both macroalgae and abiotic substrate cover, 
suggesting less coral-algal interactions indicate reduced coral cover. When coral cover was 
very high (> 70%), however, there were also fewer coral-algal interactions. As coral cover 
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increases over ~50%, the number of coral-coral interactions increases exponentially (Connell 
et al. 2004), suggesting that when coral cover is high, interactions between corals themselves 
is the principle form of competition. These results emphasize that the frequency of coral-algal 
interactions is dependent on the abundance of hard coral, not just macroalgal cover, and an 
increase in coral-algal interactions does not necessarily translate to degradation of coral reefs.  
Macroalgae and their interactions with corals are more relevant than ever, especially given the 
rapidly shifting tropical coral reef ecosystem dynamics.  Ideally, reef-monitoring will take place 
during the same time of year and at the same location. Due to logistical constraints (i.e., 
weather, financial), however, coral reef monitoring often occurs in response to a disturbance 
and rarely ever considers seasonal and spatial variability. The results presented here 
emphasize that natural levels of macroalgae and coral-algal interactions are context -specific, 
and vary not only with-in zones, but in somewhat predictable seasonal cycles. Variation in 
temperature and light play a key role in the abundance of tropical macroalgae, and future work 
should explore to what extent these thresholds are reached at large spatial scales to improve 
quantitative models of the biomass of macroalgae on coral reefs. The complexity of macroalgal 
and coral-algal dynamics across this one reef system further highlight the need for future 
studies to consider inter-seasonal variability across zones and illustrate the difficulty in 
determining the baseline condition of well-studied ecosystems. Now more than ever, seasonal 
and long-term studies are needed to avoid a loss of important information associated with the 
trajectory and resilience of coral reef ecosystems.  
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2.7. SUPPLEMENTARY MATERIAL 
 
Table S 2.1. Interacting coral and macroalgae taxa at Heron Island, southern Great Barrier Reef. 
 
Coral Abbr. Macroalgae Abbr. 
Acanthastrea Aca Articulate coralline algae ACA 
Acropora Acr Asparagopsis taxiformis Atax 
Asteropora Ast Avrainvillea Avr 
Coscinaraea Cos Caulerpa Cau 
Cyphastrea Cype Crustose coralline algae CCA 
Echinophyllia Echy Chlorodesmis fastigiata Cfas 
Echinopora Echr Chnoospora implexa Cimp 
Favia Fava Codium Cod 
Favites Favt Colpomenia Col 
Galaxea Gal cyanobacteria cyan 
Galaxea 
(branching) Galb Dictyota Dic 
Goniastrea Gon Turf algae fila 
Goniopora Gona Halimeda Hal 
Hydnophora Hyd Hydroclathrus clathratus Hcla 
Isopora Iso Hypnea Hyp 
Lobophyllia Lob Laurencia intricata Lint 
Merulina Mer Lobophora Lob 
Montastrea Mons Padina Pad 
Montipora Mons Plocamium Plo 
Mycedium Myc Sargassum Sar 
Platygyra Pla Turbinaria ornata Torn 
Pocillopora Poc   
Porites (branching) Porb   
Porites (encrusting) Pore   
Porites (massive) Porm   
Porites (plating) Porp   
Psammocora Psa   
Seriatopora Ser   
Stylophora Sty   
Symphyllia Sym   
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Figure S 2.1. Environmental conditions from July 2015 to November 2016 across Heron reef. In each pane (A-
H), all data points are displayed in grey, with respective site data highlighted in black. Each point represents an 
hourly measurement, with seawater temperatures (°C) measured hourly and PAR (µmol quanta m-2 s-1) 
integrated over hourly intervals. Monthly maximum mean (MMM) for the region is indicated with a dotted line. 
48 
 
2.8. REFERENCES 
Ateweberhan M, Bruggemann J, Breeman A (2006) Effects of extreme seasonality on 
community structure and functional group dynamics of coral reef algae in the southern 
Red Sea (Eritrea). Coral Reefs 25:391-406 
Birrell CL, McCook LJ, Willis BL (2005) Effects of algal turfs and sediment on coral settlement. 
Marine Pollution Bulletin 51:408-414 
Birrell CL, McCook LJ, Willis BL, Diaz-Pulido GA (2008) Effects of benthic algae on the 
replenishment of corals and the implications for the resilience of coral reefs. Oceanogr 
Mar Biol Annu Rev 46:25-63 
Bonaldo RM, Hay ME (2014) Seaweed-coral interactions: variance in seaweed allelopathy, 
coral susceptibility, and potential effects on coral resilience. PloS one 9:e85786 
Bradbury R, Young P (1981) The effects of a major forcing function, wave energy, on a coral 
reef ecosystem. Marine Ecology Progress Series:229-241 
Brown KT, Bender-Champ D, Bryant DEP, Dove S, Hoegh-Guldberg O (2017) Human activities 
influence benthic community structure and the composition of the coral-algal interactions 
in the central Maldives. Journal of Experimental Marine Biology and Ecology 497:33-40 
Bruno JF, Precht WF, Vroom PS, Aronson RB (2014) Coral reef baselines: How much 
macroalgae is natural? Marine Pollution Bulletin 80:24-29 
Burkepile DE, Hay ME (2006) HERBIVORE VS. NUTRIENT CONTROL OF MARINE 
PRIMARY PRODUCERS: CONTEXT‐DEPENDENT EFFECTS. Ecology 87:3128-3139 
Camp EF, Nitschke MR, Rodolfo-Metalpa R, Houlbreque F, Gardner SG, Smith DJ, Zampighi 
M, Suggett DJ (2017) Reef-building corals thrive within hot-acidified and deoxygenated 
waters. Scientific Reports 7 
Castro-Sanguino C, Lovelock C, Mumby PJ (2016) The effect of structurally complex corals 
and herbivory on the dynamics of Halimeda. Coral Reefs:1-13 
Connell JH, Hughes TP, Wallace CC (1997) A 30‐year study of coral abundance, recruitment, 
and disturbance at several scales in space and time. Ecological Monographs 67:461-
488 
Connell JH, Hughes TP, Wallace CC, Tanner JE, Harms KE, Kerr AM (2004) A long‐term study 
of competition and diversity of corals. Ecological Monographs 74:179-210 
De’ath G, Fabricius KE, Sweatman H, Puotinen M (2012) The 27–year decline of coral cover 
on the Great Barrier Reef and its causes. Proceedings of the National Academy of 
Sciences 109:17995-17999 
Diaz-Pulido G, McCook LJ (2004) Effects of live coral, epilithic algal communities and substrate 
type on algal recruitment. Coral Reefs 23:225-233 
Diaz-Pulido G, McCook LJ, Larkum AW, Lotze HK, Raven JA, Schaffelke B, Smith JE, Steneck 
RS (2007) Vulnerability of macroalgae of the Great Barrier Reef to climate change 
Diaz-Pulido G, McCook LJ, Dove S, Berkelmans R, Roff G, Kline DI, Weeks S, Evans RD, 
Williamson DH, Hoegh-Guldberg O (2009) Doom and boom on a resilient reef: climate 
change, algal overgrowth and coral recovery. PLoS One 4:e5239 
Dollar S (1982) Wave stress and coral community structure in Hawaii. Coral Reefs 1:71-81 
Ferrari R, Gonzalez-Rivero M, Ortiz JC, Mumby PJ (2012) Interaction of herbivory and 
seasonality on the dynamics of Caribbean macroalgae. Coral Reefs 31:683-692 
Flower J, Ortiz JC, Chollett I, Abdullah S, Castro-Sanguino C, Hock K, Lam V, Mumby PJ 
(2017) Interpreting coral reef monitoring data: A guide for improved management 
decisions. Ecological Indicators 72:848-869 
49 
 
Fong P, Zedler JB (1993) Temperature and light effects on the seasonal succession of algal 
communities in shallow coastal lagoons. Journal of Experimental Marine Biology and 
Ecology 171:259-272 
Fox HE, Pet JS, Dahuri R, Caldwell RL (2003) Recovery in rubble fields: long-term impacts of 
blast fishing. Marine Pollution Bulletin 46:1024-1031 
Fulton CJ, Depczynski M, Holmes TH, Noble MM, Radford B, Wernberg T, Wilson SK (2014) 
Sea temperature shapes seasonal fluctuations in seaweed biomass within the Ningaloo 
coral reef ecosystem. Limnology and Oceanography 59:156-166 
Georgiou L, Falter J, Trotter J, Kline DI, Holcomb M, Dove SG, Hoegh-Guldberg O, McCulloch 
M (2015) pH homeostasis during coral calcification in a free ocean CO2 enrichment 
(FOCE) experiment, Heron Island reef flat, Great Barrier Reef. Proceedings of the 
National Academy of Sciences 112:13219-13224 
Glenn E, Smith C, Doty M (1990) Influence of antecedent water temperatures on standing crop 
of aSargassum spp.-dominated reef flat in Hawaii. Marine Biology 105:323-328 
Haas A, El-Zibdah M, Wild C (2010) Seasonal monitoring of coral–algae interactions in fringing 
reefs of the Gulf of Aqaba, Northern Red Sea. Coral Reefs 29:93-103 
Hatcher BG (1988) Coral reef primary productivity: A beggar's banquet. Trends in Ecology & 
Evolution 3:106-111 
Hatcher BG, Larkum AWD (1983) An experimental analysis of factors controlling the standing 
crop of the epilithic algal community on a coral reef. Journal of Experimental Marine 
Biology and Ecology 69:61-84 
Hay ME (1986) Associational plant defenses and the maintenance of species diversity: turning 
competitors into accomplices. The American Naturalist 128:617-641 
Hoegh-Guldberg O, Fine M, Skirving W, Johnstone R, Dove S, Strong A (2005) Coral bleaching 
following wintry weather. Limnology and Oceanography 50:265-271 
Hughes TP (1989) Community structure and diversity of coral reefs: the role of history. Ecology 
70:275-279 
Hughes TP (1994) Catastrophes, phase shifts, and large-scale degradation of a Caribbean 
coral reef. Science-AAAS-Weekly Paper Edition 265:1547-1551 
Hughes TP, Rodrigues MJ, Bellwood DR, Ceccarelli D, Hoegh-Guldberg O, McCook L, 
Moltschaniwskyj N, Pratchett MS, Steneck RS, Willis B (2007) Phase shifts, herbivory, 
and the resilience of coral reefs to climate change. Current Biology 17:360-365 
Hughes TP, Kerry JT, Álvarez-Noriega M, Álvarez-Romero JG, Anderson KD, Baird AH, 
Babcock RC, Beger M, Bellwood DR, Berkelmans R (2017) Global warming and 
recurrent mass bleaching of corals. Nature 543:373-377 
Jompa J, McCook LJ (2003a) Contrasting effects of turf algae on corals: massive Porites spp. 
are unaffected by mixed-species turfs, but killed by the red alga Anotrichium tenue. 
Marine Ecology Progress Series 258:79-86 
Jompa J, McCook LJ (2003b) Coral–algal competition: macroalgae with different properties 
have different effects on corals. Marine Ecology Progress Series 258:87-95 
Kinsey D, Kinsey E (1967) Diurnal changes in oxygen content of the water over the coral reef 
platform at Heron I. Marine and Freshwater Research 18:23-34 
Lefèvre CD, Bellwood DR (2010) Seasonality and dynamics in coral reef macroalgae: variation 
in condition and susceptibility to herbivory. Marine Biology 157:955-965 
Lewis SM (1986) The role of herbivorous fishes in the organization of a Caribbean reef 
community. Ecological Monographs 56:183-200 
Littler MM, Littler DS (2007) Assessment of coral reefs using herbivory/nutrient assays and 
indicator groups of benthic primary producers: a critical synthesis, proposed protocols, 
50 
 
and critique of management strategies. Aquatic Conservation: Marine and Freshwater 
Ecosystems 17:195-215 
Mathieson AC, Dawes CJ (1986) Photosynthetic responses of Florida seaweeds to light and 
temperature: a physiological survey. Bulletin of marine science 38:512-524 
McCook L (1997) Effects of herbivory on zonation of Sargassum spp. within fringing reefs of 
the central Great Barrier Reef. Marine Biology 129:713-722 
McManus JW, Polsenberg JF (2004) Coral–algal phase shifts on coral reefs: ecological and 
environmental aspects. Progress in Oceanography 60:263-279 
Morrissey J (1980) Community structure and zonation of microalgae and hermatypic corals on 
a fringing reef flat of magnetic island (Queensland, Australia). Aquatic Botany 8:91-139 
O’Neil JM, Davis TW, Burford MA, Gobler CJ (2012) The rise of harmful cyanobacteria blooms: 
The potential roles of eutrophication and climate change. Harmful Algae 14:313-334 
Pandolfi JM, Bradbury RH, Sala E, Hughes TP, Bjorndal KA, Cooke RG, McArdle D, 
McClenachan L, Newman MJ, Paredes G (2003) Global trajectories of the long-term 
decline of coral reef ecosystems. Science 301:955-958 
Phinn SR, Roelfsema CM, Mumby PJ (2012) Multi-scale, object-based image analysis for 
mapping geomorphic and ecological zones on coral reefs. International Journal of 
Remote Sensing 33:3768-3797 
Potts DC (1977) Suppression of coral populations by filamentous algae within damselfish 
territories. Journal of Experimental Marine Biology and Ecology 28:207-216 
Potts DC, Swart PK (1984) Water temperature as an indicator of environmental variability on a 
coral reef. Limnology and Oceanography 29:504-516 
Price I (1989) Seaweed phenology in a tropical Australian locality (Townsville, North 
Queensland). Botanica marina 32:399-406 
Rogers R (1997) Brown Algae on Heron Reef Fiat, Great Barrier Reef, Australia: Spatial, 
Seasonal and Secular Variation in Cover. Botanica Marina 40:113-118 
Sangil C, Guzman HM (2016) Macroalgal communities on multi-stressed coral reefs in the 
Caribbean: Long-term changes, spatial variations, and relationships with environmental 
variables. Journal of Sea Research 117:7-19 
Schaffelke B, Klumpp D (1997) Biomass and productivity of tropical macroalgae on three 
nearshore fringing reefs in the central Great Barrier Reef, Australia. Botanica Marina 
40:373-384 
Smith JE, Hunter CL, Smith CM (2010) The effects of top–down versus bottom–up control on 
benthic coral reef community structure. Oecologia 163:497-507 
Smith SV, Kimmerer WJ, Laws EA, Brock RE, Walsh TW (1981) Kaneohe Bay sewage 
diversion experiment: perspectives on ecosystem responses to nutritional perturbation. 
Pacific Science 35:279-395 
Steneck RS, Dethier MN (1994) A functional group approach to the structure of algal-dominated 
communities. Oikos:476-498 
Swierts T, Vermeij MJ (2016) Competitive interactions between corals and turf algae depend 
on coral colony form. PeerJ 4:e1984 
Tanner JE (1995) Competition between scleractinian corals and macroalgae: an experimental 
investigation of coral growth, survival and reproduction. Journal of Experimental Marine 
Biology and Ecology 190:151-168 
Team RC (2014) R: A language and environment for statistical computing. R Foundation for 
Statistical Computing, Vienna, Austria. 2013 
Vuki VC, Price IR (1994) Seasonal changes in the Sargassum populations on a fringing coral 
reef, Magnetic Island, Great Barrier Reef region, Australia. Aquatic Botany 48:153-166 
51 
 
Wickham H (2016) ggplot2: elegant graphics for data analysis. Springer 
Wilson S, Fisher R, Pratchett M, Graham N, Dulvy N, Turner R, Cakacaka A, Polunin N, 
Rushton S (2008) Exploitation and habitat degradation as agents of change within coral 
reef fish communities. Global Change Biology 14:2796-2809 
Wismer S, Hoey AS, Bellwood DR (2009) Cross-shelf benthic community structure on the Great 
Barrier Reef: relationships between macroalgal cover and herbivore biomass. Marine 
Ecology Progress Series 376:45-54 
Wood S (2006) Generalized additive models: an introduction with R. CRC press 
Woolsey E, Bainbridge SJ, Kingsford MJ, Byrne M (2012) Impacts of cyclone Hamish at One 
Tree Reef: integrating environmental and benthic habitat data. Marine Biology 159:793-
803 
Yi Y, Sun J, Zhang S (2016) A habitat suitability model for Chinese sturgeon determined using 
the generalized additive method. Journal of Hydrology 534:11-18 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
52 
 
 
 
 
 
 
 
CHAPTER 3 : HUMAN ACTIVITIES INFLUENCE BENTHIC COMMUNITY 
STRUCTURE AND THE COMPOSITION OF THE CORAL-ALGAL 
INTERACTIONS IN THE CENTRAL MALDIVES 
 
 
This chapter was published in the Journal of Experimental Marine Biology and Ecology.  
Brown KT, Bender-Champ D, Bryant DEP, Dove S, Hoegh-Guldberg O (2017) Human activities 
influence benthic community structure and the composition of the coral-algal interactions 
in the central Maldives. Journal of Experimental Marine Biology and Ecology 497:33-40 
 
 
 
 
 
 
 
 
 
 
 
 
53 
 
3.1. ABSTRACT 
Competitive processes and their outcomes, such as interactions between scleractinian corals 
and macroalgae, are important drivers of the structure and function of coral reef ecosystems. 
Human communities can alter the dynamics of coral-algal interactions by changing species 
abundance and by affecting competitive ability. Here, we investigated how a natural human 
population gradient in the Maldives influences the relative abundance of benthic organisms, 
and if changes in benthic cover can influence the diversity, frequency and outcomes of coral-
algal interactions. We observed a decline in some coral assemblages and an increase in coral 
mortality and filamentous algae on reefs with the highest human population pressures. At the 
highest level of human population, the diversity of coral-algal interactions was significantly 
reduced, with some genera of plating corals locally sparse. Human population pressures did 
not increase the frequency of coral-algal interactions or the competitive ability of macroalgal 
types. Regardless of human population, interactions between filamentous algae and 
cyanobacteria were the most damaging to competing corals. Interactions between crustose 
coralline algae and Halimeda were not only the most common and least harmful to coral, but 
were also positively correlated with coral cover, emphasizing the role that positive species 
interactions can play in regulating community structure and function. 
 
Keywords: coral-algal interactions; competition; human population; Maldives; crustose 
coralline algae; coral reef 
 
3.2. INTRODUCTION 
Competition in benthic coral reef ecosystems is driven by the most important limiting resource, 
space (Jackson and Buss 1975), which regulates species diversity (Connell 1973; Lang 1973; 
Menge and Sutherland 1976). The struggle for space between coral and macroalgae is critical 
to the structure and function of coral reef ecosystems and often, the interplay between coral 
and macroalgae is used to define ecosystem health (Mumby et al. 2007; Bruno et al. 2009). 
Anthropogenic stressors have been shown to disrupt coral-algal dynamics, shifting competitive 
advantage in the favor of macroalgae (Done 1992; Hughes et al. 2007; Diaz‐Pulido et al. 2011). 
Coral-algal interactions play a fundamental role in the degradation of coral reefs (McCook 
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1999). Yet, coral-algal interactions, their outcomes, and implications for ecosystem dynamics 
are not well understood (Jorissen et al. 2016). 
Interference competition between coral and macroalgae is often defined by whether or not 
physical contact is involved (Nugues et al. 2004b; Titlyanov et al. 2007; Barott et al. 2009; 2011; 
2012b; Dixson and Hay 2012; Jorissen et al. 2016). Although the coral-algal border is important 
in determining competitive outcomes (Barott et al. 2009; 2011; 2012b), the fact that coral and 
macroalgae are in contact does not necessarily suggest a competitive relationship (Jompa and 
McCook 1998; Hay et al. 2004; Seveso et al. 2012; Clements and Hay 2015). However, coral 
growth (Ferrari et al. 2012a; Thurber et al. 2012), survival (Tanner 1995) and reproduction (Box 
and Mumby 2007; Foster et al. 2008), for example, can be inhibited by contact with macroalgae. 
Outcomes of coral-algal interactions are dependent on a range of factors including the species 
involved (Barott et al. 2009; Vermeij et al. 2010; Barott et al. 2012b; Bender et al. 2012), the 
size of the coral colony (Paul et al. 2011; Barott et al. 2012b; Ferrari et al. 2012a; Swierts and 
Vermeij 2016), and the proportion of macroalgae in contact with the coral (Foster et al. 2008; 
Ferrari et al. 2012a). 
Human activities can influence the frequency, outcomes, and processes, which govern coral-
algal interactions, particularly by removing key herbivores through overfishing, or the increased 
input of nutrients and sediments from coastal agriculture and land use (Hughes et al. 1987; 
Hughes 1994; McCook 1999; Lirman 2001; Hughes et al. 2003). The removal of herbivorous 
fishes is responsible for increases in the abundance of fleshy macroalgae and cyanobacteria 
as well as decreases in CCA (Hughes et al. 2007; Burkepile and Hay 2008; Rasher et al. 2012). 
Similarly, eutrophication and sedimentation can promote the growth of fleshy macroalgae 
(McCook 1999; Fabricius 2005), while suppressing CCA at the same time (Fabricius and 
De'Ath 2001). Corals observed on unpopulated reefs have been shown to win a greater 
proportion of competitive interactions against typically detrimental filamentous algae (Barott et 
al. 2012b), whereas filamentous algae can become unrivaled on populated reefs subject to 
sedimentation and eutrophication (Vermeij et al. 2010; Barott et al. 2011). Additionally, 
communities dominated by CCA are positively correlated with coral cover, and negatively 
correlated with reefs dominated by filamentous algae (Barott et al. 2011; Smith et al. 2016). 
Like macroalgae, distinct coral forms respond differently to the effects of eutrophication and 
sedimentation (Fabricius et al. 2005). Acropora and Montipora are generally the most sensitive 
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to increases in sediments and nutrients, while Porites tend to be among the most tolerant 
genera (Stafford-Smith and Ormond 1992; Fabricius et al. 2005; Ganase et al. 2016). 
Furthermore, eutrophication from human activities can lead to increases in coral disease, 
particularly in corals of the genus Acropora (Montano et al. 2015). 
Human communities in the Maldives (3° 15' N, 73° 00' E) are predominantly concentrated within 
several atolls in the central region of the country. The clumped nature of human populations in 
the Maldives presents a unique opportunity to study a natural gradient in human influences on 
interactive dynamics between coral and macroalgae. High numbers of people in some regions 
of the Maldives may influence the composition of coral reefs, indicating the possible role of 
certain anthropogenic drivers (McClanahan and Muthiga 2014; Morri et al. 2015). The 
predominant fishing industry in the Maldives is pole-and-line tuna fishery and associated bait 
fish (McClanahan et al. 2000; McClanahan 2011). Because of this, there is little evidence to 
suggest the overfishing of herbivorous reef fish is a major contributor to macroalgal overgrowth 
on coral reefs of the Maldives (McClanahan 2011). Sedimentation and pollution, primarily due 
to harbor construction, dredging and waste disposal, are the main local anthropogenic 
stressors contributing to the degradation of Maldivian reefs (Jaleel 2013). Marine pollution due 
to agricultural contaminants is negligible in this region due to a lack of land, arable soil and 
associated agriculture (Jaleel 2013). Therefore, human-derived eutrophication can only be 
attributed to localized point-source influences of human waste and sewage, as effluent is 
discarded at unregulated, yet specified sites along the shoreline because of insufficient waste 
management facilities (Jaleel 2013). 
In the present study, we sought to gain a more complete understanding of the influence of local 
human activities on coral reefs by focusing on a centrally important ecological process, 
competition. Specifically, we investigated if and to what extent a natural gradient of human 
population influences the benthic cover, as well as the diversity, frequency, and outcomes of 
coral-algal interactions. Our hypothesis was that human populations will influence benthic 
cover and coral-algal composition, particularly on reefs adjacent to the highest levels of human 
population. Furthermore, we expected that filamentous algae would be more damaging to 
competing corals than calcifying macroalgae, regardless of human population pressures and 
activities. 
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3.3. MATERIALS AND METHODS 
3.3.1. SURVEY SITE AND HUMAN INFLUENCES 
 
 
Figure 3.1. Map of the study locations in the central Maldives. Dots represent sites, with population 
levels delineated by color: (blue) = 0-5000, (orange) = 5000-10000, and (pink) = >25000. 
 
The investigation was conducted during a XL Catlin Seaview Survey 
(http://catlinseaviewsurvey.com/) expedition to the Maldivian archipelago from late March to 
mid-April 2015. The focus of this study was on the central atoll region between 2°21’N degrees 
to 4°31’N degrees. Surveys were completed at 26 sites, across the atolls: North Male, South 
Male, North Ari, South Ari, Dhallu, Thaa, Meemu, and Vaavu (Figure 3.1). Atolls were 
distinguished by different levels of human population, from 0 to >150,000 per atoll (National 
Bureau of Statistics, 2014) (Figure 3.1). Three population levels were defined: 1. ‘Low’ with a 
population range of 0-5000 (9 sites) 2. ‘Intermediate’ with a population range of 5000-10000 
(11 sites) and 3. ‘High’ with a population of greater than 25000 inhabitants (6 sites). It is 
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understood that the degradation of ecosystems is not necessarily due to the number of people, 
but instead due to intensified human activities. However, increased human densities lead to 
increased levels of influence on their environment (Sanderson et al. 2002) and in most 
instances, the number of people correlate with their activities (Sanderson et al. 2002, Mora 
2008). 
Another significant factor influencing benthic composition is the alternating seasonal 
monsoons, northeast (NE) and southwest (SW), which drive variations in key winds and 
currents. The NE monsoon is characterized by dominant NE winds and west flowing currents 
from approximately December to March (Anderson et al. 2011). The SW monsoon stretches 
from May to October, with predominate west and SW winds and currents flowing to the east 
(Anderson et al. 2011). Both wave exposure (Roff et al. 2015) and nutrient enhancement 
(McCook 1999; Fabricius 2005) can lead to changes in macroalgal abundance and 
composition. Our sampling occurred during the transition period from late March to mid-April 
to mitigate the effects of hydrodynamic forcing and natural nutrient input due to upwelling 
across sites on both the east and west of the atoll chain. During this time period, chlorophyll a 
concentrations are most similar on the east and west side of the central Maldives (Anderson et 
al. 2011).  
3.3.2. BENTHIC COMMUNITY COMPOSITION 
Benthic community composition was measured by estimating the percent cover from 60 0.5 m 
x 0.5 m photo quadrats per site shot in situ with strobe lighting. Quadrats were placed 
alternately left and right along 2 x 15 m transect tapes every 0.5 m at a constant depth of 10 m 
at each site. At a depth of 10 m, influence due to wave exposure is limited (Lowe et al. 2005). 
Percentage of benthic community composition was estimated from 22 categories. The four 
central categories consisted of Hard Coral, Other Invertebrates, Macroalgae, and Abiotic 
Substrate. Commonly encountered coral families were chosen, representing a range of growth 
forms (Acroporidae- tabular/corymbose; Acroporidae- branching/columnar (including Isopora); 
Acroporidae- plating/encrusting (including Montipora); Pocilloporidae; Poritidae- massive; 
Poritidae- encrusting/plating varieties; Poritidae- branching; Favidae- Lobophyllidae; and other 
hard corals (including non-scleractinian corals)). Macroalgae were differentiated as: fleshy 
macroalgae (e.g., Tydemenia expeditionis, Caulerpa), Halimeda, filamentous 
algae/cyanobacteria, and crustose algae. Contact with Halimeda has been shown to be less 
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damaging to corals than non-calcareous fleshy macroalgae, and therefore was separated 
(Ferrari et al. 2012a). Other Invertebrates included organisms such as soft corals, giant clams, 
sea cucumbers, and all other invertebrates (e.g., sponges, ascidians). Abiotic Substrate was 
defined as other, non-living substrate. The category was divided into sand/sediment, coral 
rubble, recently dead hard coral, and ‘bare’ rock (Figure 3.2A-D). 
 
Figure 3.2. Definition of abiotic substrate categories and corresponding composition across human 
population. (A) Rock. (B) Coral rubble. (C) Sand. (D) Recently dead hard coral and live hard coral. (E) 
The average composition of explicit abiotic categories (% ± SE) across all transects of each human 
population level. Bar indicates significance between categories, with asterisk indicating significance 
within categories (p < 0.03). 
 
3.3.3. COMPOSITION OF CORAL-ALGAL INTERACTIONS 
Frequencies of coral-algal contact were recorded by use of a modified method used in 
previously described studies (Barott et al. 2009). Two replicate 15 m transects were used per 
site at a constant depth of 10 m, where a 1 m belt of the transect line was examined and any 
corals physically touching algae were documented (area totaling 30 m2). Coral-algal 
interactions were normalized to the area surveyed at each site. Corals were identified to genus, 
where Porites spp. were distinguished by four growth forms (plating, branching, encrusting and 
massive). Porites was split into multiple growth forms as massive growth forms (i.e., Porites 
lobata) tend to be more stress-tolerant, compared to branching growth forms (i.e., Porites rus), 
which are described as weedy (Darling et al. 2012). All macroalgae that were encountered 
interacting with a coral colony were recorded to genus, with the exception of cyanobacteria, 
filamentous algae, and CCA, which generally cannot be identified to genus in situ (Steneck and 
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Dethier 1994). The coral colony diameter and length of the coral edge in contact with 
macroalgae were also recorded for each coral interacting with algae. We measured the size of 
the coral colony and proportion of the perimeter in contact with macroalgae, as both can 
influence coral-algal interaction outcomes. The outcome of each interaction was recorded; the 
three outcomes being coral overgrowing algae (coral ‘winning’), algae overgrowing coral (coral 
‘losing’) and apparently neutral (Barott et al. 2009) (Figure 3.3). The total number of coral and 
macroalgae genera/functional groups present were determined from coral-algal interaction 
surveys. This study only provides a snapshot into the interactive dynamics of coral and algae, 
and seasonal and long-term investigations should be implemented in the future.  
 
 
 
Figure 3.3. Definitions of coral-algal interaction outcomes. (A) A tabular Acropora sp. overgrowing 
crustose coralline algae (CCA), resulting in discoloration to the alga. (B) A neutral interaction between 
a tabular Acropora sp. and CCA, with no discoloration to either the coral or the alga. (C) Macroalgae 
overgrowing Acropora sp. resulting in discoloration to the coral. The arrows draw attention to the 
interaction zone, where pigmentation loss in coral and macroalgae can be seen. 
 
3.3.4. STATISTICAL ANALYSIS 
All statistical analyses were conducted using Statistica v13.1 software. A multivariate analysis 
of variance (MANOVA) was used to analyze the effects of human population on the benthic 
community composition. The factor ‘Human Population’ was defined at three different levels 
(0-5000, 5000-10000 and >25000), with 18, 22, and 12 transects, respectively. Tukey HSD test 
post hoc analyses were performed to determine significant differences within categories.  
To compare how the frequency of coral-algal interactions varied with human population, 
analyses of covariance (ANCOVAs) were performed within each continuous, mutually 
exclusive benthic cover group (covariates: Hard Coral, Macroalgae, and Abiotic Substrate). An 
additional test of the homogeneity of regression slopes was performed to satisfy the 
assumption that for each independent variable, the relationship between the covariates and 
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dependent variable were linear. Linear regressions were calculated to predict the relationship 
between overall frequency of coral-algal interactions and Hard Coral, Macroalgae, and Abiotic 
Substrate. Linear regressions were also calculated to determine if there was a relationship 
between Hard Coral and the number of coral-CCA interactions, number of coral-Halimeda, and 
number of coral-filamentous interactions. The goodness of fit (R2) was determined.  
To determine the effect of human population on the number of unique coral-algal interactions, 
as well as to determine whether human population was influencing the presence of interacting 
hard coral or macroalgae genera/functional groups, coral-algal interactions were given unique 
identifiers. The first three to four letters of each coral-algal pair were merged to create one 
identifier per interacting pair. The interactions were summed to determine how many unique 
coral-algal interaction pairs were occurring (total observed interactions). To determine which 
interacting organism was driving the trend, we created a presence/absence matrix of the 
interacting corals and macroalgae at each population level (Table S 3.1). One-way analyses of 
variance (ANOVAs) were performed to determine the effect of human population on the number 
of unique coral-algal interactions as well as if human population was influencing the presence 
of interacting hard coral or macroalgal genera/functional groups. Two-way ANOVAs were 
conducted to investigate whether the outcome of coral-algal interactions was influenced by 
Human Population and 1. macroalgal type (CCA, filamentous, Halimeda, cyanobacteria and all 
other macroalgae); 2. coral colony size (≤ 5 cm, >5 - ≤10 cm, >10 - ≤20 cm, >20 cm); or 3. 
percentage of the coral edge in contact with macroalgae (0-25, 25-50, 50-75, 75-100). Because 
a low number of coral colonies were encountered measuring >20 cm in diameter, all coral 
colonies >20 cm were combined. Data were tested for homogeneity of variances (Levene’s 
test), outliers, and normality. Tukey HSD test post hoc analyses were performed to determine 
significant differences between levels of factors.  
 
3.4. RESULTS 
3.4.1. BENTHIC COMMUNITY COMPOSITION  
Human Population had a significant effect on benthic community composition (MANOVA, F 
(44,56) = 2.21, p = 0.0026) (Figure S 3.1). For the ‘Abiotic Substrate’ category, there was 
significantly more dead hard coral at the highest population of humans when compared to that 
recorded at low (post hoc: p < 0.03) and intermediate levels (post hoc: p < 0.008) (Figure 3.2E). 
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In the ‘Hard Coral’ category, there were significantly less Acroporidae (plating/encrusting) at 
the highest population level than both low (post hoc: p < 0.01) and intermediate (post hoc: p < 
0.003). For the ‘Macroalgae’ category, there were significantly more filamentous/turf algae at 
the highest population level than at the intermediate level (post hoc: p < 0.02).  
3.4.2. EFFECT OF HUMAN POPULATION DENSITY AND BENTHIC COMPOSITION ON FREQUENCY AND 
DIVERSITY OF CORAL-ALGAL INTERACTIONS  
 
An average of 2.86 (± 0.22 SE) coral-algal interactions per m2 were observed across all 
transects. ‘Human Population’, as a driver, did not significantly influence the frequency of coral-
algal interactions (ANOVA, F (2,49) = 0.70, p = 0.5). There were no significant effects of Human 
Population on the frequency of coral-algal interactions after controlling for the abundance of 
Hard Coral (ANCOVA, F (2,48) = 1.29, p = 0.28) and Macroalgae (ANCOVA, F (2,48) = 1.26, p = 
0.29). There was, however, a significant effect of Human Population on the frequency of coral-
algal interactions when controlling for the effect of Abiotic Substrate (ANCOVA, F (2,48) = 3.23, 
p = 0.04). A positive relationship between benthic coral cover and the number of coral-CCA 
interactions was found (Linear regression, F (1,50) = 6.906, p = 0.01; R2 = 0.1214) (Figure 3.4A). 
The number of coral-Halimeda spp. interactions were also positively correlated to coral cover 
(Linear regression, F (1,50) = 8.193, p = 0.006; R2 = 0.1408) (Figure 3.4B).  
Figure 3.4. Linear regression predicting the number of coral-algal interactions from coral cover. (A) A 
significant linear regression line (solid black line) with 95% confidence interval (dotted lines) was 
estimated for the number of coral- crustose coralline algae (CCA) interactions and (B) the number of 
coral- Halimeda interactions. Dots represent each transect. 
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Figure 3.5. Frequency of coral-algal interactions. (A) The top 14 most abundant coral-algal 
interactions at the three different human population levels. Coral-algal interactions are abbreviated 
listing the interacting coral first and algae second. (B) The remaining 138 coral-algal interactions, with 
each cell representing a unique coral-algal interaction. Lighter shading represents the lowest 
frequency, with darker shading representing the highest frequency. Coral: Porm= Porites (massive); 
Cos= Coscinaraea; Acr= Acropora; Mons= Montastrea; Psa= Psammacora; Mon= Montipora; Poc= 
Pocillopora; Pav= Pavona; Pac= Pachyseris.  Macroalgae: CCA= crustose coralline algae; fila= 
filamentous; Hal= Halimeda; Texp= Tydemania expeditionis  
 
 
A total of 37 coral genera/functional groups were reported across all transects. Human 
Population had a significant effect on the presence of interacting coral genera/functional groups 
(ANOVA, F (2,108) = 5.76, p = 0.004). The highest percent of total coral types were reported at 
the lowest population level (33 = 89%), which declined significantly as population increased to 
the highest level (21 = 58%) (Table S 3.1). Human Population did not significantly affect 
macroalgae genera/functional groups (ANOVA, F (2,27) = 2.1, p = 0.142) (Table S 3.1). 
A total of 152 unique coral-algal interactions were observed across all transects (Table S 3.2). 
Human Population had a significant effect on the number of unique coral-algal interactions 
(ANOVA, F (2,411) = 7.846, p = 0.0005). A total 96 (63%) coral-algal interactions were observed 
at the lowest level of Human Population, 103 (68%) at the intermediate level, and declining 
significantly to 72 (47%) at the highest level. The 10 most abundant coral-algal interactions 
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were determined at each Human Population level, and combined totaling 14 of the most 
abundant interactions across all transects (Figure 3.5A). The 14 most abundant coral-algal 
interactions accounted for over half of the observed interactions (Figure 3.5B).  
3.4.3. OUTCOMES OF CORAL-ALGAL INTERACTIONS 
There was a significant effect of the type of macroalgae in contact with the coral in determining 
the interaction outcome (two-way ANOVA, F (4,168) = 82.62, p = 0.0001) (Figure 3.6A). Coral 
colonies lost significantly more against filamentous/turf algae (94.2%) and cyanobacteria 
(91.5%) than all other macroalgae (81.3%). Furthermore, coral colonies were winning more 
than half of the time against Halimeda (58.4%) and CCA (77.1%).   
Figure 3.6. Coral-algal interaction outcomes. (A) Percentage of coral colonies (± SE) where corals are 
losing against different types of macroalgae. (B) Percentage of coral colonies (± SE) where corals are 
losing across coral colony size classes. Italicized numbers indicate the number of coral colonies 
evaluated with at least one macroalgal interaction. 
 
The diameter of the majority (94%) of coral colonies interacting with algae was less than 20 
cm. Out of the 2009 coral colonies that were evaluated, only 114 had a diameter greater than 
40 cm. There was a significant effect of coral colony size in determining the interaction outcome 
(two-way ANOVA, F (3,183) = 10.631, p = 0.00001) (Figure 3.6B). The smallest size class (≤ 5 
cm) was winning against macroalgae significantly more than all other size classes. The largest 
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size class observed (> 20 cm) lost against macroalgae significantly more than the two smaller 
size classes (≤ 5 cm and >5 - ≤10 cm). 
 
3.5. DISCUSSION 
As human population and associated activities exert influence coral reef ecosystems, it is 
important to understand how the community composition as well as the frequency, diversity, 
and outcomes of coral-algal interactions are affected (Vermeij et al. 2010; Barott et al. 2012b). 
Here, we demonstrate that human populations have a strong influence on benthic composition, 
specifically through a decline in certain categories of reef-building corals and through an 
increase in dead hard coral and filamentous algae on reefs adjacent to the greatest number of 
human inhabitants. The composition of coral-algal interactions was altered exclusively at the 
highest level of human populations, with the reduction in interaction diversity potentially due to 
a decline in plating coral genera via local human impacts. The frequency of coral-algal 
interactions was not correlated to hard coral or macroalgal cover but was negatively correlated 
to abiotic substrate, suggesting that interactions increase when there is more competition for 
space. Filamentous macroalgae were more damaging to competing coral than either CCA or 
algae of the genus Halimeda. Furthermore, whilst coral-algal interaction frequency was not 
generally correlated to hard coral cover, coral-CCA and coral-Halimeda interactions were 
positively correlated to hard coral cover. Together these observations support other findings in 
the literature that suggest that CCA and Halimeda facilitate, rather than impede, hard coral 
cover and hence promote functions and services that are unique to coral reef ecosystems 
(Smith et al. 2016).  
3.5.1. BENTHIC COMMUNITY COMPOSITION  
Corals of the genera Acropora and Montipora are reported to be quite sensitive to 
sedimentation and nutrient enrichment, displaying low sediment rejection efficiency compared 
to corals with larger polyps (Stafford-Smith and Ormond 1992; Fabricius et al. 2005; Ganase 
et al. 2016). At the highest level of human population, the abundance of plating/encrusting 
Acroporids decreased, while the abundance of dead hard coral and filamentous algae 
increased. The decline in the hard coral group Acroporidae (plating/encrusting) may be due to 
increased sedimentation and nutrient enrichment near the largest human population pressures 
(Jaleel 2013). The loss of structurally important corals such as Acropora has ecosystem-wide 
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consequences, such as changes to fish communities due to declines in architectural complexity 
(Wilson et al. 2008; 2010). Acropora adjacent to large human populations are also at increased 
risk of developing coral diseases, which can lead to mortality (Montano et al. 2016). 
Cyanobacteria and filamentous algae are often the first to colonize open substrate following 
coral mortality (Diaz-Pulido and McCook 2002), and are positively influenced by nutrient 
enhancement and sedimentation (McClanahan et al. 2003; Nugues and Roberts 2003).  
3.5.2. EFFECT OF HUMAN POPULATION DENSITY AND BENTHIC COMPOSITION ON FREQUENCY AND 
DIVERSITY OF CORAL-ALGAL INTERACTIONS  
Generally, the frequency of coral-algal interactions increased with fleshy macroalgal cover in 
environments that experience coral-algal phase shifts (Hughes 1989; Hughes 1994; Montano 
et al. 2012; Bonaldo and Hay 2014). Herbivores are central to the prevention of such 
macroalgal proliferation (Bellwood et al. 2004; Hughes et al. 2007; Mumby et al. 2007). The 
frequency of coral-algal interactions in the Maldives was found not to be correlated to coral or 
macroalgal cover. Based on overall low levels of fleshy macroalgae and no relationship 
between the number of coral-algal interactions and macroalgal cover, there is no evidence the 
reefs investigated had experienced a coral-algal phase shift. Furthermore, herbivorous reef fish 
(e.g., Scaridae, Acanthuridae) are plentiful (McClanahan 2011) and presumably sufficient in 
terms of suppressing macroalgal overgrowth. 
The negative correlation between the frequency of coral-algal interactions and abiotic substrate 
suggests that interactions increase when there is greater competition for space. At the highest 
level of human population, the frequency of coral-algal interactions was reduced, which is 
partially attributable to observed increases in dead hard coral and decreases in certain coral 
genera. A reduction in coral-algal interactions, in combination with low macroalgal populations, 
may be beneficial in the short-term with less competition for space potentially allowing for coral 
populations to recover from local anthropogenic impacts.  
Macroalgal diversity, to the level examined here, remained equivalent across human 
populations, indicating the decline in diversity of coral-algal interactions was likely driven by 
interacting coral genera/functional groups. Interacting coral genera present at all population 
gradients included ‘stress-tolerant’ taxa: Astereopora, Coscinaraea, Favia, Favites, Galaexa, 
Hydnophora, Montastrea, Pavona, Porites (massive), and Psammocora (Darling et al. 2013). 
These observations are consistent with other studies from the Maldives, with these coral 
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genera recorded as abundant coral recruits in both 2000 (McClanahan 2000) and 2005 
(McClanahan and Muthiga 2014). Interactions between the comparatively rare (McClanahan 
and Muthiga 2014) plating coral genera Echinopora, Echinophyllia, Merulina, Mycedium, and 
Pachyseris were only observed on reefs adjacent to low and intermediate human populations. 
Plating corals lack sediment rejection capabilities and are more likely to retain sediments due 
to their growth form (Stafford-Smith and Ormond 1992; Erftemeijer et al. 2012). Because the 
loss of these corals is noted at the highest level of human influence, sedimentation due to 
harbor construction, land-fill, and/or dredging may be contributing to their absence (Jaleel 
2013). Even small decreases in species diversity have implications for ecosystem stability and 
function (Micheli et al. 2014). Furthermore, coral reefs that have reduced coral diversity, where 
entire functional groups are missing, are the most vulnerable to human impacts (Bellwood and 
Hughes 2001; Ferrigno et al. 2016).  
3.5.3. OUTCOMES OF CORAL-ALGAL INTERACTIONS 
Coral colony size is an important factor in coral physiology, influencing resource allocation 
priorities (Barott et al. 2012b; Swierts and Vermeij 2016). We found that the outcomes of coral-
algal interactions were dependent on coral colony size. Overall, large coral colonies (i.e., > 40 
cm) were uncommon, which is consistent with previous studies from the Maldives (Lasagna et 
al. 2010; Tkachenko 2012; McClanahan and Muthiga 2014). The dominance of small coral 
colonies is likely due to repetitive thermal stress disturbances leading to recurring declines in 
coral (Tkachenko 2015). At least 26 different coral genera were encountered in each size class, 
representing a diversity of coral morphologies and life histories, suggesting significance was 
driven by coral colony size. This result is in contrast with a recent study from the Caribbean, 
which found that coral morphology was the most important determinant in the outcome of 
interactions between coral and filamentous algae (Swierts and Vermeij 2016). Generally, we 
found smaller (< 5 cm) coral colonies were better competitors. This observation is consistent 
with a previous study, which argues smaller coral colonies invest more resources into growth 
and competition (Barott et al. 2012b), and in contrast to other studies which suggest that coral 
colonies greater than 30 cm may be large enough to escape from competition altogether 
(Ferrari et al. 2012a; Swierts and Vermeij 2016).  
Algal functional groups differ greatly in their ability to compete with corals (McCook et al. 2001), 
with allelopathic algae considered the most damaging to competing coral (Jompa and McCook 
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2003a; Bonaldo and Hay 2014). In the present study, corals lost more interactions against 
filamentous algae, cyanobacteria, and all other fleshy macroalgal types (i.e., Tydemania 
expeditionis, Dictyota, and Caulerpa) across human population levels.  Nutrient enhancement 
(Vermeij et al. 2010) and sedimentation (Nugues and Roberts 2003) have been shown to 
increase the competitive ability of filamentous algae. Although we observed an increase the 
abundance of filamentous algae on reefs adjacent to the greatest number of inhabitants, there 
was no increase in the frequency of interactions or the competitive ability of the most 
detrimental types of macroalgae across sites, which is similar to a previous study (Jompa and 
McCook 2003a). Species-specific effects have been uncovered within the filamentous algae 
functional group, and it is possible that with finer identification, differences between species 
and sites may have been uncovered (Jompa and McCook 2003c,a). Nearly all (>90%) of the 
interactions with filamentous algae or cyanobacteria resulted in damage to coral, suggesting 
that contact resulted in hypoxia on the adjacent coral tissue (Barott et al. 2012a), enhanced or 
altered microbial communities (Barott et al. 2012a; Thurber et al. 2012), and/or algal filaments 
were efficiently trapping sediment (Jompa and McCook 2003a).  
Corals interacting with CCA have been shown to be more successful on reefs (Barott et al. 
2011; Barott et al. 2012b), with CCA acting secondarily to facilitate coral settlement (Harrington 
et al. 2004; Littler and Littler 2013), and prevent recruitment of more detrimental algal species 
(Vermeij et al. 2011). We found corals were superior competitors when interacting with CCA. 
This is consistent with previous studies, which have shown interactions with CCA are not 
physiologically detrimental to coral (Barott et al. 2009; Barott et al. 2011; Bender et al. 2012). 
Our results revealed a positive correlation between the amount of coral- CCA interactions and 
benthic coral cover, which is consistent with Barott et al. (2011, 2012a).  Reef communities 
with an abundance of CCA have been linked to enhanced herbivore biomass (Steneck 1986), 
and recently, have been hypothesized to have a greater recovery potential following large-
scale disturbance (Smith et al. 2016). Interactions between coral and CCA were just as 
common on reefs with the highest human population as reefs with low and intermediate 
population pressures. Therefore, the high presence of coral-CCA interactions observed 
throughout the Maldives may indicate the facilitation of a positive feedback in coral colonization 
and recovery of coral communities.  
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Similar to the interaction with CCA, corals were also the superior competitors when interacting 
with Halimeda. In more than half of observed interactions, corals showed no visible signs of 
damage from Halimeda while causing pigmentation loss in Halimeda segments. Contact with 
Halimeda has been shown to be less damaging to coral than non-calcareous fleshy macroalgae 
(Atapattu 2009; Barott et al. 2011). Coral can increase in growth when in contact with Halimeda, 
but not when competing with fleshy macroalgae (Ferrari et al. 2012a). By extruding mesenterial 
filaments, coral are able to deflect contact by macroalgae, exhibiting the greatest competitive 
advantage against Halimeda (Nugues et al. 2004a). Halimeda are often grouped into fleshy 
macroalgae categories (Bruno et al. 2009; Bruno and Valdivia 2016). However, Halimeda were 
less damaging to coral, suggesting that these calcifying algae may be unique from other erect, 
non-calcifying macroalgae. Our results also revealed a positive correlation between the amount 
of coral- Halimeda interactions and hard coral cover. Corals may tolerate Halimeda as a 
neighbour because it is less harmful than nearly all other types of macroalgae. As a low 
preference macroalgae for herbivores (Hay et al. 1988; Paul and Van Alstyne 1988), Halimeda 
may be more persistent and may act to preempt the recruitment of more damaging types of 
macroalgae. Considered in combination with coral-CCA interactions, an increase in 
interactions with calcifying macroalgae promoted hard coral cover, suggesting these 
interactions generate positive benefits to coral reef ecosystems.   
The results presented here demonstrate a strong influence of human population pressure on 
ecological interactions among coral and macroalgae in the Maldives. However, this study only 
provides a snapshot into the interactive dynamics of coral and algae, and seasonal and long-
term investigations should be implemented. Nonetheless, the results of our study have 
implications for the effects of human populations on coral-algal interactions, drawing attention 
to how these drivers influence reef processes such as coral-algal competition. These changes 
are becoming more important to understand in the face of growing anthropogenic global 
change that has the potential to jeopardize even the most isolated and pristine ecosystems 
globally (Bruno and Valdivia 2016). Nevertheless, local management that reduces impacts like 
sedimentation and eutrophication will help to maintain ecosystem functions (Kennedy et al. 
2013) and ecological resilience in the face of a changing climate (Hoegh-Guldberg and Bruno 
2010).  
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3.7. SUPPLEMENTARY MATERIAL 
 
 
Figure S 3.1. Coral and macroalgae percent cover across sites. (A) Coral and macroalgae percent 
cover (%) at human population level 0-5000. (B) Coral and macroalgae percent cover (%) at human 
population level 5000-10000. (C) Coral and macroalgae percent cover (%) at human population level 
>25000. Hard Coral labels were distinguished by families and growth forms ACR-TCD= Acroporidae- 
tabular/corymbose/digitate; ACR-BRA= Acroporidae- branching/columnar (including Isopora); ACR-
PE= Acroporidae- plating/encrusting (including Montipora); POCI= Pocilloporidae; POR-MASS= 
Poritidae- massive; POR-ENC= Poritidae- encrusting/plating varieties; POR-BRA= Poritidae- 
branching; FAV-LOB= Favidae- Lobophyllidae; and Other hard= other hard corals (including non-
scleractinian corals). Macroalgae were differentiated as: Fleshy= fleshy macroalgae (e.g., Tydemenia 
expeditionis, Caulerpa), Halimeda, Filamentous= filamentous algae/cyanobacteria, and CCA= 
crustose coralline algae. 
 
 
 
 
 
 
 
 
 
 
Table S 3.1. Occurrence of interacting coral and algae genera/groups at each population gradient. +  present, -  absent. 
 
Coral Abbr. 0-5000 5000-10000 >25000 Macroalgae Abbr. 0-5000 5000-10000 >25000 
Acanthastrea Aca + + - Avrainvillea  Avr + + + 
Acropora  Acr + + + Crustose coralline algae (CCA) CCA + + + 
Astreopora  Ast + + + Caulerpa Cau + + + 
Coscinaraea  Cos + + + Chlorodesmis fastigiata Cfas - + + 
Cyphastrea  Cype + - - cyanobacteria  cyan + + + 
Diploastrea  Dipr - + - filamentous  fila + + + 
Echinopora  Echr + + - Halimeda Hal + + + 
Echinophyllia  Echy + - - Hypnea  Hyp - + + 
Favia Fava + + + Lobophora  Lob - - + 
Favites Favat + + + Tydemania expeditionis Texp + + + 
Galaxea  Gal + + +      
Gardineroseris  Gar + + +      
Goniastrea Gon + + -      
Goniopora Gona - + -      
Heliopora  Hel + + -      
Hydnophora  Hyd + + +      
Isopora  Iso + + +      
Leptastrea  Lept + - -      
Leptoria  Lep + + +      
Leptoseris Leps + + +      
Merulina Mer + - -      
Millepora Mil + - -      
Montastrea Mons + + +      
Montipora Mon + + +      
Mycedium Myc + + -      
Oulophyllia Oul + - -      
Oxypora Oxy + - -      
Pachyseris Pac + + -      
Pavona  Pav + + +      
Platygyra  Pla + + +      
Pocillopora  Poc + + +      
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Porites(encrusting) Pore + + +      
Porites(massive) Porm + + +      
Porites(branching) Porb - - +      
Porites (plating) Porp - + -      
Psammocora  Psa + + +      
Symphyllia  Sym + + +      
 
 
Table S 3.2. All coral-algal interactions and total abundance at each population level. 
 
Coral-
algal 
interaction 
(0-5000) 
Number of 
Interactions 
(#) 
Coral-algal 
interaction (5000-
10000) 
Number of 
Interactions (#) 
Coral-algal 
interaction 
(>25000) 
Number of 
Interactions (#) 
AcaCCA 1 AcaCCA 3 AcaCCA 0 
Acafila 1 Acafila 0 Acafila 0 
AcaHal 1 AcaHal 0 AcaHal 0 
AcrCau 2 AcrCau 1 AcrCau 0 
AcrCCA 42 AcrCCA 52 AcrCCA 40 
AcrCfas 0 AcrCfas 3 AcrCfas 0 
Acrcyan 2 Acrcyan 1 Acrcyan 1 
Acrfila 9 Acrfila 11 Acrfila 3 
AcrHal 28 AcrHal 36 AcrHal 9 
AcrHyp 0 AcrHyp 1 AcrHyp 0 
AcrTexp 8 AcrTexp 3 AcrTexp 0 
AstCCA 1 AstCCA 6 AstCCA 9 
Astfila 5 Astfila 5 Astfila 5 
AstHal 3 AstHal 1 AstHal 0 
AstLob 0 AstLob 0 AstLob 1 
CosCCA 29 CosCCA 62 CosCCA 42 
CosCfas 0 CosCfas 3 CosCfas 0 
Coscyan 0 Coscyan 1 Coscyan 2 
Cosfila 6 Cosfila 7 Cosfila 2 
CosHal 0 CosHal 1 CosHal 0 
CypCCA 2 CypCCA 0 CypCCA 0 
Cypfila 3 Cypfila 1 Cypfila 0 
CypHal 1 CypHal 1 CypHal 0 
CypTexp 2 CypTexp 0 CypTexp 0 
DipCCA 0 DipCCA 1 DipCCA 0 
EchCau 1 EchCau 0 EchCau 0 
EchCCA 3 EchCCA 1 EchCCA 0 
EchHal 2 EchHal 0 EchHal 0 
EchTexp 1 EchTexp 0 EchTexp 0 
EchyHal 4 EchyHal 0 EchyHal 0 
FavaCCA 15 FavaCCA 8 FavaCCA 3 
FavaCfas 0 FavaCfas 1 FavaCfas 1 
Favacyan 3 Favacyan 0 Favacyan 0 
Favafila 4 Favafila 1 Favafila 5 
FavaHal 7 FavaHal 0 FavaHal 0 
FavaTexp 2 FavaTexp 0 FavaTexp 0 
FavtCCA 13 FavtCCA 8 FavtCCA 5 
FavtCfas 0 FavtCfas 1 FavtCfas 0 
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Favtcyan 3 Favtcyan 0 Favtcyan 1 
Favtfila 6 Favtfila 1 Favtfila 3 
FavtHal 4 FavtHal 4 FavtHal 2 
FavtTexp 3 FavtTexp 0 FavtTexp 1 
GalCau 0 GalCau 0 GalCau 1 
GalCCA 0 GalCCA 3 GalCCA 1 
Galcyan 6 Galcyan 0 Galcyan 1 
Galfila 5 Galfila 0 Galfila 1 
GalHal 7 GalHal 3 GalHal 3 
GalTexp 0 GalTexp 0 GalTexp 1 
GarCau 0 GarCau 2 GarCau 0 
GarCCA 1 GarCCA 14 GarCCA 1 
GarCfas 0 GarCfas 1 GarCfas 0 
Garfila 1 Garfila 1 Garfila 0 
GarHal 0 GarHal 6 GarHal 0 
GarTexp 0 GarTexp 1 GarTexp 0 
GonaCCA 0 GonaCCA 1 GonaCCA 0 
Gonafila 1 Gonafila 0 Gonafila 1 
GonCCA 0 GonCCA 1 GonCCA 0 
HelCau 0 HelCau 1 HelCau 0 
HelCCA 0 HelCCA 2 HelCCA 0 
Helfila 0 Helfila 0 Helfila 3 
HelHal 0 HelHal 1 HelHal 0 
HydCCA 1 HydCCA 7 HydCCA 4 
Hydcyan 0 Hydcyan 2 Hydcyan 0 
Hydfila 2 Hydfila 3 Hydfila 1 
HydHal 5 HydHal 1 HydHal 1 
HydTexp 1 HydTexp 0 HydTexp 0 
IsoCCA 0 IsoCCA 10 IsoCCA 4 
IsoCfas 0 IsoCfas 1 IsoCfas 0 
Isofila 0 Isofila 4 Isofila 0 
IsoHal 0 IsoHal 1 IsoHal 0 
IsoTexp 0 IsoTexp 1 IsoTexp 0 
LepCCA 4 LepCCA 1 LepCCA 1 
Lepfila 0 Lepfila 0 Lepfila 2 
LepsCCA 10 LepsCCA 5 LepsCCA 1 
Lepsfila 0 Lepsfila 1 Lepsfila 0 
LepsHal 2 LepsHal 0 LepsHal 0 
LeptCCA 1 LeptCCA 0 LeptCCA 0 
Merfila 5 Merfila 0 Merfila 0 
Milcyan 1 Milcyan 0 Milcyan 0 
MonCau 0 MonCau 1 MonCau 0 
MonCCA 5 MonCCA 28 MonCCA 4 
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MonCfas 0 MonCfas 4 MonCfas 0 
Moncyan 0 Moncyan 1 Moncyan 0 
Monfila 1 Monfila 13 Monfila 1 
MonHal 1 MonHal 16 MonHal 0 
MonTexp 1 MonTexp 0 MonTexp 4 
MonsCau 0 MonsCau 5 MonsCau 0 
MonsCCA 9 MonsCCA 48 MonsCCA 24 
MonsCfas 2 MonsCfas 0 MonsCfas 0 
Monscyan 1 Monscyan 2 Monscyan 5 
Monsfila 7 Monsfila 6 Monsfila 2 
MonsHal 11 MonsHal 6 MonsHal 3 
MonsTexp 2 MonsTexp 1 MonsTexp 0 
MycCCA 0 MycCCA 1 MycCCA 0 
MycHal 2 MycHal 0 MycHal 0 
OulHal 1 OulHal 0 OulHal 0 
OxyHal 1 OxyHal 0 OxyHal 0 
PacCCA 0 PacCCA 6 PacCCA 0 
Pacfila 21 Pacfila 2 Pacfila 0 
PacHal 2 PacHal 0 PacHal 0 
PavCCA 6 PavCCA 24 PavCCA 15 
Pavcyan 2 Pavcyan 0 Pavcyan 0 
Pavfila 14 Pavfila 4 Pavfila 2 
PavHal 1 PavHal 3 PavHal 1 
PlaAvr 0 PlaAvr 0 PlaAvr 1 
PlaCCA 15 PlaCCA 4 PlaCCA 8 
Placyan 1 Placyan 0 Placyan 0 
Placyano 0 Placyano 0 Placyano 1 
Plafila 5 Plafila 1 Plafila 1 
PlaHal 11 PlaHal 3 PlaHal 1 
PlaTexp 3 PlaTexp 0 PlaTexp 0 
PocAvr 1 PocAvr 0 PocAvr 0 
PocCau 1 PocCau 0 PocCau 0 
PocCCA 26 PocCCA 18 PocCCA 9 
PocCfas 0 PocCfas 1 PocCfas 0 
Poccyan 2 Poccyan 3 Poccyan 1 
Pocfila 7 Pocfila 15 Pocfila 4 
PocHal 12 PocHal 27 PocHal 17 
PocHyp 0 PocHyp 1 PocHyp 0 
PocPor 0 PocPor 8 PocPor 1 
PorbCCA 0 PorbCCA 0 PorbCCA 2 
Porbcyan 0 Porbcyan 0 Porbcyan 1 
PorbDic 0 PorbDic 0 PorbDic 1 
Porbfila 0 Porbfila 0 Porbfila 3 
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PorbHal 1 PorbHal 0 PorbHal 5 
PoreCau 1 PoreCau 0 PoreCau 0 
PoreCCA 1 PoreCCA 2 PoreCCA 1 
Porefila 0 Porefila 9 Porefila 0 
PoreHal 12 PoreHal 4 PoreHal 0 
PoreLob 0 PoreLob 0 PoreLob 1 
PorePor 0 PorePor 2 PorePor 0 
PoreTexp 6 PoreTexp 0 PoreTexp 0 
PormAvr 2 PormAvr 0 PormAvr 0 
PormCau 2 PormCau 4 PormCau 5 
PormCCA 69 PormCCA 147 PormCCA 47 
PormCfas 0 PormCfas 3 PormCfas 1 
Pormcyan 19 Pormcyan 1 Pormcyan 9 
Pormfila 52 Pormfila 51 Pormfila 18 
PormHal 51 PormHal 47 PormHal 32 
PormTexp 21 PormTexp 6 PormTexp 13 
PorpHal 0 PorpHal 2 PorpHal 0 
PsaCau 0 PsaCau 1 PsaCau 0 
PsaCCA 21 PsaCCA 24 PsaCCA 27 
PsaCfas 0 PsaCfas 1 PsaCfas 0 
Psafila 6 Psafila 1 Psafila 2 
PsaHal 2 PsaHal 2 PsaHal 1 
PsaPey 0 PsaPey 2 PsaPey 0 
PsaPor 1 PsaPor 2 PsaPor 0 
SymCCA 1 SymCCA 1 SymCCA 1 
Symcyan 0 Symcyan 1 Symcyan 0 
Symfila 0 Symfila 0 Symfila 0 
SymHal 0 SymHal 1 SymHal 0 
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4.1. ABSTRACT 
While there is an ever-expanding list of impacts on coral reefs as a result of ocean warming 
and acidification, there is little information on how these global changes affect coral-algal 
competition. The present study aimed to assess the impact of projected ‘business-as-usual’ 
ocean warming and acidification conditions on the survivorship, calcification, and productivity 
of the common coral-algal interaction between the macroalga Halimeda heteromorpha and the 
coral Acropora intermedia over 8 weeks in two seasons. The metabolic rates of A. intermedia 
and H. heteromorpha were highly dependent on season, both displaying peak calcification and 
photosynthetic rates under present day conditions in summer. Ocean warming and acidification 
resulted in highly negative outcomes for both A. intermedia and H. heteromorpha only in 
summer, significantly reducing the survivorship, calcification and productivity of A. intermedia 
and the calcification rates of H. heteromorpha. The effect of H. heteromorpha contact on A. 
intermedia varied with season and did not intensify under projected ocean warming or 
acidification. These findings help improve our understanding of the temporal dynamics of coral-
algal interactions on coral reef ecosystems, and how these processes may change under the 
current projected rate of ocean warming and acidification.  
 
Keywords: climate change; competition; coral-algal interactions; facilitation; ocean 
acidification; season; species interactions 
 
4.2. INTRODUCTION 
The rate and scale of anthropogenic climate change is unprecedented, and is exposing coral 
reefs to conditions not experienced in millions of years (Hoegh-Guldberg et al. 2007; Hoegh-
Guldberg and Bruno 2010; Hönisch et al. 2012; Hughes et al. 2017). As a result, tropical coral 
reefs worldwide are shifting from being dominated by corals to assemblages of other 
organisms, most often macroalgae (Hughes et al. 2010; Roff and Mumby 2012). Altered 
competitive dynamics between coral and macroalgae are expected to exacerbate ecosystem 
shifts as ocean warming and acidification intensify (Diaz‐Pulido et al. 2011; Kroeker et al. 2013; 
Del Monaco et al. 2017). Despite having a fundamental role in the degradation of coral reefs 
(McCook 1999), the mechanisms by which coral and macroalgae compete and their 
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implications for ecosystem dynamics remain poorly understood (Longo and Hay 2015; Jorissen 
et al. 2016).  
Coral and macroalgae principally compete through direct physical or chemical mechanisms, 
such as overgrowth, abrasion, shading or allelopathy (McCook et al. 2001). Macroalgal contact 
has been shown to directly reduce coral calcification, growth, and survivorship (Rasher and 
Hay 2010; Barott et al. 2011). On the other hand, contact with corals can decrease macroalgal 
growth, pigmentation, and chemical defenses (van Steveninck et al. 1988; Nugues et al. 2004a; 
Longo and Hay 2015). Even though interactions between coral and macroalgae often involve 
negative consequences for both taxa, competitive abilities are dependent on environmental 
conditions and can shift from negative to positive with environmental fluctuations (Stachowicz 
2001; Bruno et al. 2003). 
Reports on facilitative coral-macroalgal interactions (i.e., encounters that are beneficial to at 
least one of the participants and harmful to neither) are rare (Stachowicz 2001; Bruno et al. 
2003). The two most common mechanisms of facilitation in marine environments involve either 
a reduction in consumer pressure or the amelioration of harsh physical conditions (Bulleri 
2009). Macroalgae can protect coral from corallivores (Venera-Ponton et al. 2011; Clements 
and Hay 2015) and prevent coral bleaching by reducing light levels during heat stress (Jompa 
and McCook 1998). Corals can, in turn, provide macroalgae with habitat and refuge from 
herbivores (Kerr and Paul 1995; Bennett et al. 2010; Castro-Sanguino et al. 2016). 
Understanding the mechanisms by which species’ interactions stimulate facilitation is 
particularly relevant in a climate change context, as positive species interactions may be able 
to mitigate some localized effects associated with ocean warming and acidification (Bulleri et 
al. 2016). Despite their importance, a complete understanding of how mechanisms of coral-
algal competition vary with natural (i.e., seasonal) and changing (i.e., anthropogenic impacts) 
environmental fluctuations remain relatively poorly understood (Campbell et al. 2017).  
First, we investigate how organismal physiology and species interactions respond to seasonal 
changes in environmental conditions, and second, how ocean warming and acidification 
influence physiological parameters and competitive mechanisms. To investigate ocean 
warming and acidification expected by 2100, the representative concentration pathway (RCP) 
that projects 8.5 Wm-2 of radiative forcing above pre-industrial levels by 2100 was selected 
because it represents our current or ‘business-as-usual’ rate of fossil fuel emissions, despite 
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global consensus for the adoptions of policies that significantly reduce green-house gas 
emissions (Riahi et al. 2011; Pörtner et al. 2014; Jackson et al. 2017). While temporary 
stabilization in CO2 emissions was observed between 2014- 2016, in 2017, global greenhouse 
gas emissions are expected to increase of ~2% on 2016 levels (Jackson et al. 2017; Le Quéré 
et al. 2017).  
The interactions between the staghorn coral Acropora intermedia and calcifying macroalga 
Halimeda heteromorpha were chosen based on the fact that corals of the genus Acropora tend 
to play fundamental roles in the structure and function of coral reefs and that phase shifts away 
from Acropora dominance often involve the proliferation of the generally unpalatable 
macroalgae Halimeda (Hay et al. 1988; Hughes 1994; Rasher and Hay 2014). The interaction 
between Acropora and Halimeda is competitive with contact resulting in inhibition or disruption 
of physiological processes (Tanner 1995; Nugues et al. 2004a; Nugues et al. 2004b; Smith et 
al. 2006; Rasher and Hay 2010; Barott et al. 2011; Thurber et al. 2012). To determine the 
potential mechanisms by which A. intermedia and H. heteromorpha compete, we cultivated A. 
intermedia: in contact with (i) H. heteromorpha, or (ii) algal mimics, or (iii) in separation during 
two 8-week experiments in winter and summer. We monitored the effects of competition and 
simulated climate change on respective survivorship, calcification and photosynthetic capacity. 
As a result of our experimental manipulations, we demonstrate that H. heteromorpha can have 
both negative and positive effects on A. intermedia, and that these competitive effects are 
highly dependent on season. Furthermore, the combined effects of end-of-the-century ocean 
warming and acidification lead to highly negative outcomes for both A. intermedia and H. 
heteromorpha, modulated through physiological and competitive processes. 
 
4.3. MATERIALS AND METHODS 
4.3.1. SPECIMEN COLLECTION AND EXPERIMENTAL DESIGN  
 
Experiments were performed over two austral seasons, winter (July- August 2015) and summer 
(late January - early March 2016), on Heron Island, southern Great Barrier Reef (23°26′ S 
151°52′ E). Coral and macroalgae were collected by hand from the reef slope at a depth of 5-
8 m. Specimens were acclimatized in tanks with running seawater for 7 days after collection. 
Coral-algal pairs were exposed to four treatments simulating levels of climate change projected 
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for 2100 under the business-as-usual RCP8.5 scenario (Riahi et al. 2011): (i) present day (PD) 
temperature and PD pCO2 (PDT:PDPCO2); (ii) PD temperature and RCP8.5 pCO2 
(PDT:RCPPCO2); (iii) RCP8.5 temperature and PD pCO2 (RCPT:PDPCO2); and (iv) RCP8.5 
temperature and RCP8.5 pCO2 (RCPT:RCPPCO2) (Table 4.1). Respective treatment conditions 
were gradually introduced as increments that represented 25% of full exposure over 14 days 
in winter and 12 days in summer. 
Treatment conditions were achieved by use of previously described methods (Achlatis et al. 
2017). Temperature and pCO2 concentrations in the PD treatment were determined from two-
three hourly measurements recorded at the reference site 
(https://www.pmel.noaa.gov/co2/story/Heron+Island) over the same period but in the previous 
years (2014- 2015). All other treatments were then achieved by applying fixed offsets to PD 
levels, therefore accommodating natural diurnal and seasonal fluctuations across treatments. 
To achieve these settings, seawater was continually pumped from the Heron Island reef flat to 
fill the four treatment sumps (8000 L), with the conditions in each sump subsequently 
manipulated by a computer controlled feedback system (SCIWARE Software Solutions, 
Springwood, NSW, Australia) (Dove et al. 2013). Manipulations were achieved by injection of 
air enriched to 30% CO2 or CO2-free air (Dove et al. 2013). Treatment temperatures were 
attained in each sump by use of industrial scale heater chillers (Rheem HWPO17-IBB; Accent 
Air, Liverpool, Australia), responding to temperatures measured in experimental aquaria (Dove 
et al. 2013). Seawater was pumped from the sumps into the experimental aquaria at a flow rate 
of 0.8 L min-1. Circulation within each tank was increased by a wave-maker (Nano 900, Hydor, 
Italy). The multiple factorial approach meant that it was logically impractical to increase sump 
numbers (Cornwall and Hurd 2015; Hoadley et al. 2015). Very large sumps maintained in the 
dark with high flow rates were used instead to effectively eliminate differential confinement 
effects (Schoepf et al. 2013; Cornwall and Hurd 2015).  
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Coral fragments (nubbins), approximately 5-7 cm in length, were randomly assigned to glass 
aquaria (33 L) and suspended from their tips using fishing line. By covering tanks and lids with 
filters (marine blue (#131), LEE Filters, Hampshire, UK), aquaria experienced natural irradiance 
corresponding with the representative light environment at the depth of the 5 m collection site 
(average 24h irradiance winter 2015= 70.11 µmol quanta m-2s-1 (± 3.84 SE); summer 2016= 
89.09 µmol quanta m-2s-1 (± 2.78 SE)). Macroalgal thalli of approximately the same length and 
mass (6-8 cm and ~1.5g) were weighed after drying by gently removing water using a salad 
spinner. Macroalgal thalli, totaling a biomass of 15g per tank, were also suspended, but at two 
distinct lengths: (i) in direct and continuous contact with the coral nubbin (‘contact’) (Figure 
4.1b); and (ii) approximately 7 cm away from the nearest point of contact to investigate the 
effects of macroalgae without contact (‘no contact’) (Figure 4.1d). Over the course of the 
experiment, the distance between coral and macroalgae was maintained to avoid contact even 
though both increased in size. The effects of shading an abrasion alone were also tested using 
algal mimics (Figure 4.1c). Plastic aquarium algae were cut to 6-8 cm and attached to A. 
intermedia fragments using fishing line. The orthogonal design implemented eight distinct 
treatment combinations using three factors, each with two levels: (i) contact (contact and no 
contact), (ii) pCO2 (PD and RCP8.5) and (iii) temperature (PD and RCP8.5). In this way, there 
Figure 4.1. Images of the interaction between the coral Acropora intermedia and macroalga Halimeda 
heteromorpha from Heron Island, on the southern Great Barrier Reef. (a) A characteristic A. intermedia- H. 
heteromorpha interaction found at a depth of 5m on the southern Great Barrier Reef. (b) Manipulated 
interaction between A. intermedia and H. heteromorpha, where H. heteromorpha remained in direct and 
continuous contact with the coral nubbin. (c) Manipulated interaction between A. intermedia and the algal 
mimic. (d) Manipulated effect of no contact between A. intermedia and H. heteromorpha, with H. 
heteromorpha suspended ~7 cm away from the A. intermedia nubbin.   
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were three replicate glass aquaria per treatment combination, totaling 24 tanks in each season 
(winter and summer). Each tank contained 10 coral-algal pairs and four coral nubbins paired 
with algal mimics, totaling 240 coral-algal and 96 coral-algal mimic pairs per season. 
Tanks were cleaned every 3 days to remove  
algae growth on aquaria and to gently remove epilithic algal communities from macroalgal thalli 
using soft toothbrushes. Photosynthetically active radiation (Odyssey PAR sensor, Dataflow 
Systems Ltd, Christchurch, New Zealand) and temperature (HOBO Pendant UA-001-64, 
Onset, Bourne, USA) were measured continuously in each treatment and probes were rotated 
randomly between tanks. In winter, pH was determined via analysis of seawater samples taken 
from tanks (DGi101-SC, Mettler Toledo, Port Melbourne, Australia). In summer, pH was 
continuously recorded in each treatment by randomly rotating probes between tanks 
(InPro4501VP, Mettler Toledo X connected to a Aquatronica Aquarium Controller ACQ110, 
Reggio Emilia, Italy). pH electrodes were calibrated every other day (pHSW buffers 7.00 and 
10.00 (radiometer analytical), Hatch Pacific, Victoria, Australia). AT was determined via titration 
with 0.1 M HCl and replicated 20g seawater samples using the Gran titration method, with a 
precision of ± 3 µmol kg-1 or better (Kline et al. 2012). Acid concentration was calibrated at the 
beginning of each titration session using the certified reference materials (CRM) from A.G. 
Dickson (Batch 142 and 146). pH electrodes (DGi101-SC, Mettler Toledo, Port Melbourne, 
Australia) were also calibrated at the beginning of each titration session using pHSW standard 
buffers of 7.00 and 10.00 (radiometer analytical, Hatch Pacific, Victoria, Australia). Average 
precision from triplicate measurements was less than 0.010 units. Parameters of the carbonate 
system in seawater were calculated from temperature, salinity, total alkalinity (AT) and pHSW 
using CO2SYS (using K1 and K2 from Millero 2010 and salinity of 35) (Lewis et al. 1998). 
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Table 4.1. Summary of values for water chemistry parameters for all treatment levels in experiments based at Heron Island. The four 
treatments simulated levels projected for 2100 under the business-as-usual RCP8.5 model (Riahi et al. 2011): (i) present day (PD) 
temperature and PD pCO2 (PDT:PDPCO2); (ii) PD temperature and RCP8.5 pCO2 (PDT:RCPPCO2); (iii) RCP8.5 temperature and PD pCO2 
(RCPT:PDPCO2); and (iv) RCP8.5 temperature and RCP8.5 pCO2 (RCPT:RCPPCO2). Temperature (T), sump pCO2, and pH (summer) are 
given as means (±SD) of hourly measurements. pH (winter) and total alkalinity (TA) are means (±SD) of 24 replicates. In tank pCO2, 
bicarbonate (HCO3- ), carbonate (CO32-), and aragonite saturation state (Ωaragonite) were estimated using the program CO2SYS. kgSW, 
kilogram of seawater. 
Season Treatment T (°C) 
TA (µmol 
kgSW-1) 
Sump pCO2  
(µatm) 
In tank 
pCO2 
(µatm) 
pH 
HCO3- (µmol 
kgSW-1) 
CO32- (µmol 
kgSW-1) 
Ωaragonite 
Winter PDT:PDPCO2 21.1 (± 0.64) 2268 (± 5.34) 353 (± 2.04) 396 (± 0.97) 8.11 (± 0.02) 1801 (± 4.42) 187 (± 0.46) 
2.9 (± 
0.007) 
 PDT:RCPPCO2 21.1 (± 0.63) 2268 (± 4.06) 856 (± 1.14) 631 (± 1.16) 7.82 (± 0.01) 1933 (± 3.56) 135 (± 0.25) 
2.1 (± 
0.004) 
 RCPT:PDPCO2 24.6 (± 0.58) 2287 (± 5.06) 355 (± 1.74) 415 (± 0.96) 8.18 (± 0.005) 1785 (± 4.12) 202 (± 0.47) 
3.2 (± 
0.007) 
 RCPT:RCPPCO2 24.6 (± 0.51) 2283 (± 4.34) 903 (± 2.40) 781 (± 1.53) 7.89 (± 0.01) 1961 (± 3.84) 130 (± 0.25) 
2.1 (± 
0.004) 
Summer PDT:PDPCO2 27.1 (± 0.57) 2262 (± 1.46) 482 (± 2.11) 388 (± 0.26) 8.08 (± 0.01) 1712 (± 1.16) 221 (± 0.15) 
3.6 (± 
0.002) 
 PDT:RCPPCO2 27 (± 0.50) 2050 (± 2.19) 903 (± 1.15) 631(± 0.67) 7.80 (± 0.01) 1871 (± 2.00) 162 (± 0.17) 
2.6 (± 
0.003) 
 RCPT:PDPCO2 30.7 (± 0.54) 2263 (± 2.74) 484 (± 2.25) 400 (± 0.51) 8.07 (±0.01) 1674 (± 2.14) 237 (± 0.30) 
3.9 (± 
0.005) 
 RCPT:RCPPCO2 30.6 (± 0.66) 2264 (± 2.70) 956 (± 5.13) 770 (± 0.95) 7.76 (± 0.01) 1881 (± 2.32) 155 (± 0.19) 
2.5 (± 
0.003) 
 
 
 
 
 
 
 
 
4.3.2. PHYSIOLOGIC AL ANALYSES 
The experiments lasted 55 days in winter and 39 days in summer. Coral and macroalgae 
survivorship was assessed daily. Coral mortality in RCP8.5 temperature treatments in summer 
meant that the collection of data ended before the 8-week period achieved in winter (Figure 
4.2). Calcification of coral and macroalgal fragments were measured using two techniques: (i) 
buoyant weight was used to evaluate net calcification over the entire experimental incubation 
(Davies 1989), and (ii) the alkalinity anomaly technique was used to differentiate short-term 
(approximately 1 hour) net calcification over a representative of day-night light-dark cycle at 
the end of the experimental period (Chisholm and Gattuso 1991). Buoyant weight was 
measured on all corals before exposure to full treatment conditions and at the end of the 
incubation period. Segment shedding of H. heteromorpha may have prevented determination 
of subtle changes in long-term net calcification through buoyant weight estimates, and is 
therefore not reported (Campbell et al. 2016).  
Oxygen flux measurements were made using oxygen optodes connected to an optical analyser 
(OXY-10, PreSens, Regensburg, Germany), as previously described in detail (Crawley et al. 
2010; Bender et al. 2014; Achlatis et al. 2017). Incubations of coral and macroalgae maintained 
in direct contact (Figure 4.1b, c) were done separately, such that any effects of contact between 
organisms or mimics were a function of long-term carry-over effects and not instantaneous 
effects. Seawater conditions were replicated to those experienced in the tanks by: (i) using 
seawater collected from treatment tanks to provide initial pCO2 concentrations and (ii) using a 
water bath to maintain respective treatment temperatures within the incubation chambers. Tank 
water was filtered using a 0.22 µm filter and O2 content of the water was lowered to 70% using 
N2 to avoid hyperoxia. A total of 12 coral and macroalgal fragments per treatment (i.e., four 
specimens per tank) were analyzed at the end of the experimental period between 08:00 and 
18:00. The maximum light exposure in the tanks at midday (12:00) was 1029 µmol quanta m-
2s-1 in winter and 1070 µmol quanta m-2s-1 in summer. Therefore, each respirometry assay 
followed a light program of 20 minutes of darkness (0 µmol quanta m-2s-1) to measure dark 
respiration (Rdark) and 25 minutes of max midday light levels (1050 µmol quanta m-2s-1) to 
determine maximum net photosynthesis (Pnetmax). Seawater samples were collected for AT and 
total ammonia nitrogen (TAN = NH3 + NH4+) from the incubation chambers before and after 
incubations using a syringe fitted with a 0.45µm filter to determine net short-term calcification 
rates.  
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Specimens were frozen in liquid nitrogen directly after the oxygen flux measurements were 
made and stored at -80°C. Coral nubbins were water-piked using 0.22 µm filtered seawater to 
determine host protein concentration as a measure of nutritional condition (Ferrier-Pagès et al. 
2003) and to quantify the density of dinoflagellate cells as an indicator of coral bleaching (Fitt 
et al. 2000). Protein content was determined spectrophotometrically using the empirical 
equations of Whitaker and Granum (1980). The dinoflagellate pellet was resuspended in 10 
mL of seawater and the number of cells (cell density) was measured by counting three aliquots. 
Total host protein and dinoflagellate densities were standardized to surface area (cm2), which 
was determined by dipping the nubbin in paraffin wax twice (Veal et al. 2010).  
Dinoflagellate pigments were extracted in 100% acetone until complete saturation was 
obtained. Extracted samples were filtered (0.22 µm) and pigment content was established 
using Reverse Phase Chromatography with a 0.25 M ammonium acetate solution at pH 5 as 
solution A (Zapata et al. 2000; Dove et al. 2006; Bender et al. 2014). Pigments were identified 
and quantified by comparison to pigment standards (Phytoplankton pigment standards, DHI 
Lab Products, Hørsholm, Denmark). Dinoflagellate pigment concentrations were normalized to 
dinoflagellate cell counts. 
4.3.3. STATISTICAL ANALYSES 
Coral survival was analysed using a Kaplan-Meier survival function and pairwise comparison 
of Mantel-Cox tests with Bonferroni adjustment using GraphPad Prism v7 (Pruitt 2012). All 
other statistical analyses were conducted using R version 3.3.2 software (2014), and graphical 
representations were produced using the package ggplot2 (Wickham 2016). The effects of 
season, temperature, pCO2, and contact on physiological parameters were analysed using a 
factorial analysis of variance (ANOVA). The factor ‘tank’ was nested within the interaction of 
the four factors and was not significant (F (50,586) = 0.51, p = 0.99). Therefore, specimens (n=30 
coral-algal pairs) within tanks were used as the unit of replication (Diaz‐Pulido et al. 2011). The 
four categorical factors were: season (winter and summer), pCO2 (PD and RCP8.5), 
temperature (PD and RCP8.5) and contact (contact and no contact). Significant interactive 
effects were followed by pairwise comparison with Tukey post hoc tests. Data were tested and 
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met the assumptions for homogeneity of variance (Levene’s test) and normality of distribution 
(Normal Q-Q plots).  
Photosynthesis and respiration are temperature-dependent and non-linear (Falkowski and 
Raven 2013). To quantify the responses of coral and macroalgae Pnetmax:Rdark rates to 
temperature, a generalized additive model (GAM) was fit using temperature as an explanatory 
variable with the package mgcv (Wood 2006). A similar model was also fit including the effect 
of contact to test for the ‘carry-over’ effect of contact on respective Pnetmax:Rdark rates. The 
number of knots were restricted (k=4) to produce conservative models and avoid overfitting. 
The models were compared using the Akaike Information Criterion Corrected (AICc). 
 
4.4. RESULTS 
4.4.1. EFFECTS OF SEASON, CONTACT, TEMPERATURE AND PCO2 ON THE PHYSIOLOGY OF A. 
INTERMEDIA 
  
 
 
 
Figure 4.2. Survivorship of Acropora intermedia with average experimental temperature as a function 
of time and treatment. (a) Survivorship in the austral winter (July- August 2015), with the inset 
showing weekly in-tank temperature (mean ±SE). (b) Survivorship in the austral summer (January- 
March 2016), with the inset showing weekly in-tank temperature (mean ±SE). Achievement of full 
treatment is indicated with a vertical dotted line. The initial population size for each treatment group 
was 84 corals. Survivorship was not significantly affected by contact with H. heteromorpha or the algal 
mimic. RCP pCO2 = +500ppm; RCP temp = +4°C; RCP temp & pCO2 = +4°C and 500ppm; MMM= 
maximum monthly mean 
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Coral survivorship was not affected by contact with H. heteromorpha or the algal mimic (Mantel- 
Cox test, p < 0.0001). Coral survivorship declined significantly under RCP8.5 temperature 
conditions in the summer (Figure 4.2, Mantel- Cox test, p < 0.0001 for all comparisons). Long-
term net coral calcification was significantly reduced when in contact with H. heteromorpha and 
the algal mimic (ANOVA, F (1,636) = 5.17, p = 0.005, post hoc: no contact > mimic= H. 
heteromorpha) (Figure 4.3a), however was not affected independently or interactively by pCO2 
(ANOVA, F (1,636) = 0.04, p > 0.83). Long-term net calcification rates in summer were higher 
than winter only under PD temperature conditions, as RCP8.5 temperature led to significant 
reductions in long-term calcification (ANOVA, F (1,636) = 17.90, p < 0.00001, post hoc: 
PDTsummer > PDTwinter = RCPTwinter > RCPTsummer) (Figure 4.3b). Likewise, short-term 
calcification rates were significantly reduced under RCP8.5 temperatures in summer (ANOVA, 
F (1,30) = 15.52, p = 0.0004, post hoc: PDTsummer = PDTwinter = RCPTwinter > RCPTsummer).  
 
 
 
Figure 4.3. Effect of contact and treatment on net long-term calcification rates of Acropora intermedia. 
(a) Effect of contact on the percent change in net long-term calcification (mean ± SE; n = 96-328) 
measured via the buoyant weight technique. (b) Temporal effect of temperature on the percent 
change in net long-term calcification (mean ± SE; n = 161-168). Experiments based at Heron Island 
on the southern Great Barrier Reef. 
 
 
94 
 
Coral productivity showed complex responses among treatments, and was governed by 
interactions amongst the factors. Pnetmax was highest under PD temperature in summer 
(ANOVA, F (1,157) = 190.4, p < 0.00001, post hoc: PDTsummer > PDTwinter = RCPTwinter > 
RCPTsummer) as well as under the combination of PD temperature and PD pCO2 (ANOVA, F 
(1,157) = 9.20, p = 0.0028, post hoc: PDT:PDPCO2= PDT:RCPPCO2 > RCPT:PDPCO2 > 
RCPT:RCPPCO2). Rdark showed a significant three-way interaction between season, 
temperature, and pCO2 (ANOVA, F (1,157) = 9.78, p = 0.002), with post hoc analyses revealing 
in summer, Rdark decreased with RCP8.5 temperature. Photosynthesis to respiration ratios 
(Pnetmax:Rdark) were affected by a three-way interaction between season, temperature, and the 
‘carry-over’ effect of contact (ANOVA, F (1,157) = 5.58, p = 0.019). This interaction led to 
increased coral Pnetmax:Rdark as a result of long-term contact with H. heteromorpha, but only 
under PD temperature in summer.  
 
 
Figure 4.4. Temporal effect of individual treatments on endosymbiotic dinoflagellate populations and 
host protein content of Acropora intermedia. (a) Endosymbiotic dinoflagellate densities (mean ± SE; 
n= 24) in each treatment. (b) Host protein content (mean ± SE; n= 24) in each treatment. 
Endosymbiotic dinoflagellate populations and host protein concentrations were unaffected by contact 
with H. heteromorpha or the algal mimic. Experiments based at Heron Island on the southern Great 
Barrier Reef. 
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Host soluble protein content showed a significant three-way interaction between season, 
temperature, and pCO2 (ANOVA, F (1,154) = 12.19, p = 0.0006). This interaction involved a 
stepwise reduction in areal protein content across treatments in summer (PDT:PDPCO2 = 
PDT:RCPPCO2 > RCPT:PD PCO2 > RCPT:RCPPCO2), whereas in winter, areal protein content did 
not significantly change across treatments (PDT:PDPCO2 = PDT:RCPPCO2 = RCPT:PD PCO2 = 
RCPT:RCPPCO2) (Figure 4.4a). Areal dinoflagellate densities were significantly reduced in 
surviving coral under RCP8.5 temperature conditions in the summer (ANOVA, F (1,157) = 65.91, 
p < 0.00001, post hoc: PDTsummer > PDTwinter = RCPTwinter > RCPTsummer) as well as 
under RCP8.5 pCO2 in the same season (ANOVA, F (1,157) = 7.82, p = 0.006, post hoc: 
PDPCO2summer > PD PCO2winter = RCP PCO2winter = RCPPCO2summer) (Figure 4.4b). Winter 
symbiont chlorophyll a content (Chl a cell-1) was significantly higher than summer under PD 
temperature, while in summer under RCP8.5 temperature, Chl a cell-1 significantly increased 
in surviving coral (ANOVA, F (1,32) = 16.11, p = 0.0003, post hoc RCPTsummer = PDTwinter = 
RCPTwinter > PDTsummer) (Figure S 4.1a). Further, RCP8.5 temperature in combination with 
RCP8.5 pCO2 significantly increased Chl a cell-1 in surviving coral (ANOVA, F (1,32) = 5.282, p 
= 0.028, post hoc: RCPT:RCPPCO2 > PDT:PDPCO2 > PDT:RCPPCO2 = RCPT:PD PCO2) (Figure S 
4.1b). 
4.4.2. EFFECTS OF SEASON, CONTACT, TEMPERATURE AND PCO2 ON THE PHYSIOLOGY OF H. 
HETEROMORPHA  
 
All macroalgae survived across the treatments. There was no evidence of A. intermedia contact 
having a residual effect on macroalgal net short-term calcification (ANOVA, F (1,32) = 0.05, p > 
0.8). Winter macroalgal net short-term calcification rates were significantly lower than summer 
under PD temperature, while under RCP8.5 temperature, winter rates improved but summer 
rates did not increase (ANOVA, F (1,32) = 16.11, p = 0.0003, post hoc PDTsummer > PDTwinter 
= RCPTwinter = RCPTsummer) (Figure 4.5a). Further, the combination of RCP8.5 temperature 
and RCP8.5 pCO2 significantly reduced net short-term macroalgal calcification rates (ANOVA, 
F (1,32) = 5.282, p = 0.028, post hoc: PDT:PDPCO2 = PDT:RCPPCO2 = RCPT:PD PCO2 > 
RCPT:RCPPCO2) (Figure 4.5b). 
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Macroalgal Pnetmax and Rdark showed a significant three-way interaction between season, 
temperature, and pCO2. Pnetmax significantly increased in summer when exposed to the 
combination of RCP8.5 temperature and RCP8.5 pCO2 (ANOVA, F (1,174) = 9.15, p = 0.003), 
whereas Rdark significantly decreased under the same treatment combination (ANOVA, F (1,174) 
= 7.58, p = 0.006). Macroalgal Pnetmax:Rdark was governed by the highly significant interaction 
between season, temperature, and pCO2 (ANOVA, F (1,174) = 49.24, p < 0.00001), with post 
hoc analyses supporting the observation that the combination of RCP8.5 temperature and 
RCP8.5 pCO2 in summer significantly increased Pnetmax:Rdark. Additionally, the significant 
interaction between season, temperature, and the ‘carry-over’ effect of contact revealed that 
long-term contact with A. intermedia significantly increased macroalgal Pnetmax:Rdark under 
RCP8.5 temperature in winter (ANOVA, F (1,174) = 5.95, p = 0.016).  
4.4.3. MODELLING THE RESIDUAL EFFECT OF CONTACT ON PNETMAX:RDARK AS A FUNCTION OF 
TEMPERATURE 
 
Figure 4.5. Temporal effect of individual treatments on net short-term calcification rates of Halimeda 
heteromorpha. (a) Temporal effect of temperature on calcification rates (mean ± SE; n= 12) measured 
via the alkalinity anomaly technique. (b) The effect of temperature and pCO2 on calcification rates 
(mean ± SE; n= 12). Calcification rates were unaffected by contact with A. intermedia. Experiments 
based at Heron Island on the southern Great Barrier Reef. 
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AICc indicated that the best-fit generalized additive model (GAM) incorporated contact to best 
explain both coral and macroalgal Pnetmax:Rdark rates to temperature. Relationships between 
Pnetmax:Rdark and temperature in both coral (H. heteromorpha contact: edf = 2.956, F = 42.69, p 
< 0.00001; No contact: edf = 2.931, F = 29.42, p < 0.00001) and macroalgae (A. intermedia 
contact: edf = 2.656, F = 11.0, p < 0.00001; No contact: edf = 1.187, F = 7.449, p = 0.002) were 
non-linear (Figure 4.6). Temperature explained 57.6% of the deviance in coral Pnetmax:Rdark and 
18.6% of the deviance in macroalgal Pnetmax:Rdark. At temperatures of ~22.5°C, the ‘carry-over’ 
effect of contact with H. heteromorpha had a slightly negative effect on coral Pnetmax:Rdark, while 
at ~27.5°C, the ‘carry-over’ effect of contact boosted Pnetmax:Rdark (Figure 4.6a). For 
macroalgae, at temperatures of ~25°C, the ‘carry-over’ effect of contact with A. intermedia 
enhanced Pnetmax:Rdark (Figure 4.6b). 
 
Figure 4.6. The effect of contact on Pnetmax:Rdark relative to temperature based on fitted parameter 
estimates ± 95% confidence intervals (shaded). (a) The effect of Halimeda heteromorpha contact on 
Acropora intermedia Pnetmax:Rdark across temperature. (b) The effect of A. intermedia contact on H. 
heteromorpha Pnetmax:Rdark across temperature. Monthly maximum mean (MMM) for the region is 
indicated with a vertical dotted line. Summer is indicated with light grey background shading. 
Experiments based at Heron Island on the southern Great Barrier Reef. 
 
4.5 DISCUSSION 
Few studies have examined the effects of ocean warming and acidification on wider coral reef 
communities and ecosystems dynamics (reviewed in Ban et al. (2014)), with temporal 
variability, species interactions and the combined impacts of multiple stressors often 
overlooked in assessments of climate change impacts (Tylianakis et al. 2008; Wernberg et al. 
a 
 
b 
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2012; Kroeker et al. 2013). The results presented here demonstrate that the metabolic rates of 
A. intermedia and H. heteromorpha were highly dependent on season, both displaying peak 
calcification and photosynthetic rates under present day conditions in summer. Current 
projected levels of ocean warming and acidification expected to occur by mid-to-late century 
resulted in highly negative outcomes for both A. intermedia and H. heteromorpha only in 
summer, significantly reducing the survivorship, calcification and productivity of A. intermedia 
and the calcification rates of H. heteromorpha. The effect of H. heteromorpha contact on A. 
intermedia did not intensify under ocean warming or acidification and included positive, neutral 
and negative effects on A. intermedia, changing with season and under projected ocean 
warming and acidification. In several ways, the findings presented here help improve our 
understanding of the temporal dynamics of coral-algal interactions on coral reef ecosystems, 
and how these processes may change under the current projected rate of ocean warming and 
acidification. 
Strong temporal differences were observed in A. intermedia physiology. In general, A. 
intermedia displayed the greatest rates of calcification and photosynthesis under present day 
conditions in summer, which is consistent with many species of tropical corals (Crossland 1984; 
Lough and Barnes 2000; Edmunds et al. 2012; Castillo et al. 2014). Peak calcification and 
photosynthetic rates coincided with the highest values of protein per surface area, as well as 
high-light acclimated (low Chl a cell-1) dinoflagellate densities per surface area. In contrast, 
most of these parameters tended to be significantly reduced under end-of-the-century 
conditions in summer. While the independent effect of increased temperature was more 
deleterious to A. intermedia than the individual effect of high pCO2, it was the combined 
stressors of temperature and acidification that led to further reductions in productivity, 
dinoflagellate densities, and protein content. These results are consistent with previous 
research that demonstrate RCP8.5 temperature and RCP8.5 pCO2 are a great concern to 
important reef-building corals, as multiple stressors will act synergistically in the future (Anthony 
et al. 2008; Dove et al. 2013; Horvath et al. 2016).  
Although the population density of dinoflagellates decreased, Chl a cell-1 significantly increased 
in surviving coral under the combination of RCP8.5 temperature and RCP8.5 pCO2, which is 
similar to an earlier study (Reynaud et al. 2003). The reduction in dinoflagellate populations 
may have substantially increased the availability of internal light through a reduction of self-
 
 
99 
 
shading (Enríquez et al. 2005), and a greater supply of translocated nutrients per cell (i.e.,  less 
cells competing for the same pool of nutrients in the host cell) would have allowed the few 
remaining dinoflagellate cells to increase their Chl a content to harvest more energy (Hoegh-
Guldberg and Smith 1989; Iglesias-Prieto and Trench 1994; Robison and Warner 2006). 
Despite the fact that increased internal light may lead to photoacclimation by reducing the 
amount of Chl a cell-1, a greater supply of substrate for CO2 fixation may reduce excitation 
pressure, rendering an increase in Chl a unnecessary provided that increased temperature has 
not led to a greater closure of reaction centers (Huner et al. 1998; Nobel 1999). These results 
suggest that in A. intermedia, the loss of symbionts due to increased temperature may not be 
driven by photosynthetic dysfunction (Tchernov et al. 2004) or that the remnant dinoflagellate 
population is significantly different from the dominant population in this species. 
The macroalga H. heteromorpha also displayed a temporal shift in metabolic rates. Similar to 
A. intermedia, calcification rates of H. heteromorpha were highest in summer under present 
day conditions, which is consistent to previous growth rates (Sinutok et al. 2008; Castro-
Sanguino et al. 2016). The net calcification and photosynthesis of H. heteromorpha were 
enhanced under warming in winter and unaffected in summer, independently of pCO2. 
Increases in calcification rates under elevated temperatures during cooler months have been 
demonstrated in tropical corals and calcifying macroalgae (Martin et al. 2013; Bahr et al. 2017; 
Scheufen et al. 2017), noting that the upper temperature limit of Halimeda on the southern 
Great Barrier Reef are 32°C, which was not reached in this experiment (Sinutok et al. 2011). 
The individual effect of increased pCO2 did not influence the short-term rates of calcification or 
productivity of H. heteromorpha, which is consistent with studies on six different species of 
Halimeda (Comeau et al. 2013; Comeau et al. 2014; Hofmann et al. 2014; Johnson et al. 2014; 
Campbell et al. 2016; Comeau et al. 2016). The combined effects of warming and acidification, 
however, can act synergistically in summer as shown here, leading to decreased net short-
term calcification rates of H. heteromorpha. These results are similar to previous studies on 
Halimeda from the southern Great Barrier Reef (Sinutok et al. 2011; Sinutok et al. 2012), 
demonstrating that a simultaneous increase warming and pCO2 will have the greatest impacts 
on the calcification of H. heteromorpha. 
While H. heteromorpha calcification rates fit the pattern observed for A. intermedia regarding 
optimal seasons and conditions, calcification rates did not coincide with highest rates of 
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production- measured either as net photosynthesis (Pnetmax) or photosynthesis to respiration 
rates (Pnetmax:Rdark). The productivity of H. heteromorpha by contrast was greatest under 
conditions that lead to high coral mortality, that is, under future end-of-the-century summer 
temperature and pCO2 conditions. Calcification in Halimeda occurs within the inter-utricle 
space, isolated from direct contact with seawater (Borowitzka and Larkum 1976; Wizemann et 
al. 2014). Photosynthesis is usually linked to an increase in the rate of calcification (Jensen et 
al. 1985; Campbell et al. 2016) due to the removal of CO2 that increases tissue pH and 
facilitates a shift to dissolved inorganic carbon (DIC) dominated by carbonate ions (CO32-) 
(Borowitzka and Larkum 1976; Wizemann et al. 2014). In the present case, however, rates of 
photosynthesis and rates of calcification were decoupled under projected future conditions. If 
energy being gained from increased productivity under end-of-the-century conditions is not 
being directed towards calcification, then potentially, it is directed towards the accumulation of 
biomass or the synthesis of chemical compounds (Castro-Sanguino et al. 2016,2017). In the 
latter case, corals that are already weakening under future conditions may demonstrate further 
reductions in growth and increases in mortality when in contact with Halimeda (Rasher and 
Hay 2014; Longo and Hay 2015; Del Monaco et al. 2017).  
Under present day conditions, there was no evidence that contact with H. heteromorpha or the 
algal mimic increased coral mortality or bleaching, which is consistent with at least one previous 
study (Atapattu 2009) and in contrast to another (Longo and Hay 2015). Furthermore, there 
was no evidence of the combined effects H. heteromorpha contact and elevated pCO2 or 
temperature on any aspect of A. intermedia physiology. Our results are in contrast with recent 
work (on other types of macroalgae) that show the competitive mechanisms associated with 
the secondary metabolites of macroalgae can become enhanced with ocean warming or 
acidification, leading to decreased photosynthetic efficiency and increased tissue loss in corals 
(Diaz‐Pulido et al. 2011; Kersting et al. 2015; Del Monaco et al. 2017). Chemical mechanisms 
employed by macroalgae are generally more damaging to corals than physical effects (Jompa 
and McCook 2003; Rasher and Hay 2010; Bonaldo and Hay 2014), however, Halimeda are 
erect, rigid and strongly calcified macroalgae, thus have the potential to abrade or damage to 
corals through contact. Though Halimeda have been described as ‘chemically rich’ (Rasher 
and Hay 2010), H. heteromorpha is predominantly found in spatial refugia within branching 
colonies of Acropora, and consequently, may be less allelopathic due to reduced grazing 
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pressure (Paul and Van Alstyne 1988,1992; Castro-Sanguino et al. 2016,2017). The lack of 
chemical competitive mechanisms was further supported by the present study’s observation 
of: (i) equal reductions in A. intermedia long-term net calcification rates when exposed to either 
H. heteromorpha or the algal mimic and (ii) the observation that physical contact did not lead 
to increased bleaching or mortality. In combination, these results suggest that a physical, rather 
than chemical driver, was the principle competitive mechanism utilized by H. heteromorpha.  
Ecological interactions that are negative under some circumstances can become positive in 
others (Bruno et al. 2003). In the present study, the effects of coral-algal competition were 
dependent on environmental conditions, shifting in this case, from competitive to facilitative 
from winter to summer. The ‘carry-over’ effect of contact with H. heteromorpha on A. intermedia 
(i.e., intermittent shading by the alga) resulted in relative decreases in Pnetmax: Rdark rates in 
winter when exposed to the potentially higher light associated with O2 flux incubations. This 
result suggests a lack of investment in enzymes associated with photochemical quenching (i.e., 
cytochrome b6f) that limits the ability of the photoautotrophs to increase electron transport in 
response to an increase in photon flux, particularly in nitrogen limited systems (Dustan 1979; 
Falkowski and Dubinsky 1981; Stitt and Schulze 1994). The opposite however, was observed 
for present day summer, where the ‘carry-over’ effect of contact with the macroalgae led to a 
significant increase in Pnetmax:Rdark relative to corals not in contact with H. heteromorpha. The 
increase in temperature relative to winter, under present day summers, increases the catalytic 
activity of enzymes, potentially enabling a shade-adapted photoautotroph with an enriched light 
harvesting capacity to significantly elevate rates of photosynthesis (Niyogi 1999). These results 
demonstrate that by providing intermittent shade, and/or limiting access through competition to 
resources such as DIC or dissolved inorganic nitrogen (DIN), long term contact with this 
calcareous macroalgae can alter the ability for corals to upregulate productivity in response to 
periods of elevated light. Understanding the mechanisms by which species’ interactions 
stimulate facilitation is particularly relevant in the context of global change, as positive species 
interactions have been hypothesized to mitigate the effects of ocean warming and acidification 
(Bulleri et al. 2016). Efforts to artificially shade sections of a reef during periods of thermal 
stress have been suggested (Rau et al. 2012; Coelho et al. 2017), however these shading 
mechanisms do not incorporate the type of intermittent shade implemented here by H. 
heteromorpha. Regardless, the photosynthetic benefits provided to A. intermedia through the 
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reduction in high light intensities by H. heteromorpha under present day conditions collapsed 
under end-of-the-century ocean warming and acidification conditions in summer.  
Our study found no evidence that contact with A. intermedia reduced H. heteromorpha 
calcification rates. This result is in contrast to some studies that show the presence of corals 
can reduce macroalgal growth under present day and ocean acidification conditions (van 
Steveninck et al. 1988; Diaz‐Pulido et al. 2011). The ‘carry-over’ effect of contact with coral 
increased H. heteromorpha Pnetmax: Rdark under RCP8.5 temperature in winter. Although the 
mechanism by which contact enhanced H. heteromorpha productivity was not deduced in our 
study, Halimeda have been shown to increase canopy height, volume and biomass when 
growing within staghorn Acropora habitats (Castro-Sanguino et al. 2016,2017). 
As coral-algal interactions are projected to increase on coral reefs in the future, forthcoming 
research should focus on investigating the interactions of multiple coral-algal species to explore 
competitive mechanisms under human driven global change. The changes in temperature and 
water chemistry that are projected to occur by mid- to late- century will have significant impacts 
on coral reef ecosystems. The complexity of climate change on marine ecosystems further 
highlight the urgent need for action to reduce CO2 emissions in line with the goals of the Paris 
Climate Agreement to maintain some semblance of structure and function of today’s coral reef 
ecosystems. 
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4.7 SUPPLEMENTARY MATERIAL 
 
 
Figure S 4.1. Temporal effect of individual treatments on symbiont chlorophyll a content per cell of 
Acropora intermedia. (a) Temporal effect of temperature on symbiont chlorophyll a (mean ± SE; n= 
12). (b) The effect of temperature and pCO2 on symbiont chlorophyll a (mean ± SE; n= 12). 
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5.1. SIGNIFICANCE OF THESIS  
Coral-algal interactions play a central role in shaping the ecology of benthic marine ecosystems 
in tropical and subtropical regions. These important interactions need to be considered in the 
context of a changing world. Our understanding of how coral-algal interactions vary with local 
and global drivers, however, is limited (Diaz‐Pulido et al. 2011; Kersting et al. 2015; Campbell 
et al. 2017; Del Monaco et al. 2017). With this in mind, this thesis set out to explore the influence 
of variability from a range of sources including: that occurring within a range of habitats and 
between seasons, that occurring in response to a gradient in human population size, and that 
likely to eventuate from projected levels of ocean warming and acidification.  Few previous 
studies have explored how these sources of variability impact coral-algal interactions, and in 
turn, influence the structure and function of coral reef ecosystems. 
Previous work has mostly overlooked seasonal and spatial variation during investigations of 
the ecological dynamics of macroalgae and their competitors (Ferrari et al. 2012b; Fulton et al. 
2014) and that of the more dynamic indicators of reef condition such as the interactions 
between coral and macroalgal species (Flower et al. 2017). This oversight can have 
considerable consequences for the resilience of coral reef communities (Diaz-Pulido et al. 
2009). Furthermore, relatively few studies have examined the effects ocean warming and 
acidification have on wider coral reef communities and ecosystems dynamics (Dove et al. 2013; 
Ban et al. 2014), with seasonal variation, species interactions and the combined impacts of 
multiple stressors often ignored in assessments of climate change impacts (Tylianakis et al. 
2008; Wernberg et al. 2012; Kroeker et al. 2013). In this way, the research presented here 
explores several aspects of coral reef ecology not previously investigated, and helps improve 
our understanding of key ecological processes driving the distribution, composition and 
abundance of marine organisms associated with coral reef ecosystems in a changing world. 
 
5.2. ECOLOGICAL IMPLICATIONS OF THE RESULTS OF THIS THESIS AND FUTURE 
RESEARCH OPPORTUNITIES 
5.2.1. THE DYNAMICS OF CORAL-ALGAL INTERACTIONS IN SPACE AND TIME ON THE SOUTHERN 
GREAT BARRIER REEF 
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The effects of seasonality and spatial variability on the dynamics of benthic community 
structure and coral-algal interactions was investigated over 23 months. By examining reef 
habitats that had little anthropogenic influences, we were able to detect seasonal and spatial 
shifts in macroalgal abundance that closely tracked environmental conditions, revealing that 
temperature and light interact to exert considerable control over the abundance of macroalgae 
(Figure 2.3). Macroalgal taxa had disproportionate effects on corals across reef habitats and 
seasons, with species composition varying distinctly between the lagoon and reef slope, and 
the greatest frequency of coral-algal interactions at the reef flat and shallow lagoon and in 
spring and winter (Figure 2.4). The greatest number of coral-algal interactions occurred when 
coral cover was ~50% and macroalgal cover was ~20%, and did not increase as macroalgal 
abundance became greater than 20% (Figure 2.6). Overall, these results improve our 
understanding of how environmental variations in space and time control macroalgal 
communities, and how changes in benthic cover influence the frequency and composition of 
coral-algal interactions on high-latitude reef systems.  
A greater understanding of seasonal and spatial variation is important for interpreting the 
response to coral reef communities to any local (i.e., overfishing, eutrophication) and future 
(i.e., ocean warming) perturbations (Fong and Paul 2011; Bruno et al. 2014). Even though 
seasonality has long been considered an important driver of macroalgal biomass and 
composition (Lüning 1989; Fong and Zedler 1993; Vuki and Price 1994; Rogers 1996; Rogers 
1997; Catterall 2002; Ateweberhan et al. 2005; Ateweberhan et al. 2006), most coral reef 
research has not incorporated seasonal variability adequately into ecological assessments and 
experiments (Bruno et al. 2014). Specifically, future research and assessments should 
consider obtaining more accurate measurements of benthic community composition by 
assessing a range of reef habitats, across depths and wave exposure zones, and in every 
season (Connell et al. 2004; Bruno et al. 2014; Sangil and Guzman 2016; Flower et al. 2017). 
As important, efforts should focus on assessing more dynamic indicators of reef condition, such 
as coral-algal interactions, and particularly, the mechanisms that different macroalgae use to 
outcompete competitors such as corals (Bonaldo and Hay 2014; Clements and Hay 2015; 
Jorissen et al. 2016; Del Monaco et al. 2017). How these competitive mechanisms vary under 
different environmental situations has received little study yet could be very important in the 
ecological dynamics of tropical benthic communities (Diaz-Pulido et al. 2009; Haas et al. 2010). 
Missing research could provide valuable information on the habitats and seasons in which 
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competitive macroalgae are the most detrimental to coral. Future research might also consider 
other environmental variables (i.e., pH variability, water flow) and their interactions when 
investigating coral reef communities and ecological interactions (Haas et al. 2010; Brown and 
Carpenter 2014; Bahr et al. 2017). Finally, any long-term monitoring or baseline surveys need 
to consider spatial and seasonal variability in their experimental design, as important indicators 
of reef condition (i.e., macroalgal abundance, frequency of coral-algal contact) vary remarkably 
across space and time (Catterall 2002; Diaz-Pulido et al. 2009; Haas et al. 2010; Bruno et al. 
2014; Sangil and Guzman 2016).  
5.2.2. HUMAN ACTIVITIES INFLUENCE BENTHIC COMMUNITY STRUCTURE AND THE COMPOSITION 
OF THE CORAL-ALGAL INTERACTIONS IN THE CENTRAL MALDIVES 
Chapter 3 examined the potential role of human activities on benthic community structure and 
species-specific coral-algal interactions by undertaking a detailed study across the central 
Maldives. Reefs exposed to the highest human population pressures showed a reduction in 
the abundance of particular coral functional groups (e.g. plating/encrusting Acroporidae), as 
well as an increase in the abundance of dead hard coral and filamentous algae covered 
surfaces (Figure S 3.1). A loss in the diversity of interacting coral genera (i.e., rare plating 
corals) was evident at the highest level of human population pressure, indicating local 
modifications that are seemingly human driven (Figure 3.5). Interactions with calcified 
macroalgae were positively correlated to hard coral cover, highlighting the role of positive 
species interactions in regulating community structure and function (Figure 3.4). The results of 
this study add to the growing literature on the effects of local human stressors on coral reef 
ecosystems, and indicate that local management that reduces impacts like sedimentation and 
eutrophication should be continued and expanded on coral reefs globally as coastal human 
populations expand (Hughes 1994; McCook 1999; Jackson et al. 2001; Szmant 2002; Pandolfi 
et al. 2003; Fabricius et al. 2005; Burkepile and Hay 2006; Hughes et al. 2007; Smith et al. 
2010; Jaleel 2013; D’Angelo and Wiedenmann 2014; Zaneveld et al. 2016).  
While individual drivers (i.e., herbivory, nutrient concentrations) have received attention in the 
past (Koop et al. 2001; Fabricius 2005; Hughes et al. 2007), future studies should consider the 
interactions between multiple top-down and bottom-up drivers in controlling macroalgal 
composition and biomass, and how changes influence important indicators of reef condition 
such as coral-algal interactions (Littler and Littler 2007; Wernberg et al. 2012; Pendleton et al. 
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2016; Campbell et al. 2017; Harborne et al. 2017).  Because our results provide only a snapshot 
into coral-algal interactions, it would be useful to explore the spatial and seasonal variability of 
eutrophication and sedimentation on benthic composition and coral-algal interactions, with a 
focus on the long-term fate of these types of interactions (Vermeij et al. 2010; Barott et al. 2012; 
Swierts and Vermeij 2016). Additionally, future research should focus on measuring a suite of 
physical parameters implicated in the local decline of coral reefs, such as nutrient 
concentrations, sedimentation rates, and turbidity, to better understand the direct and 
interactive anthropogenic impacts that are locally influencing coral reef community composition 
(Fabricius et al. 2013; Bruno and Valdivia 2016). Because not all macroalgae respond favorably 
to increased nutrient concentration (Bender et al. 2014; Bender-Champ et al. 2017) and the 
effects of human population on macroalgal dynamics are still being debated (Bruno et al. 2009; 
Bruno and Valdivia 2016), future studies should focus on how different species of macroalgae 
respond to these stressors. Ideally, these studies should also include the interactions between 
coral and macroalgae, and how coral-algal interactions respond to local stressors such as 
eutrophication and/or sedimentation, with combining multiple stressors a priority (Wernberg et 
al. 2012; Ban et al. 2014; Pendleton et al. 2016; Zaneveld et al. 2016; Harborne et al. 2017).  
 
5.2.3. EFFECTS OF OCEAN WARMING AND ACIDIFICATION ON THE ECOPHYSIOLOGY OF A COMMON 
CORAL-ALGAL INTERACTION 
The impact of ocean warming and acidification on reef-building corals has received 
considerable attention. The effects of future conditions on the growth and competitive success 
of macroalgae, on the other hand, has received far less attention (Wernberg et al. 2012; 
Campbell et al. 2017).  Chapter 4 assessed the impact of projected RCP8.5 ‘business-as-usual’ 
ocean warming and acidification conditions on the survivorship, calcification, and productivity 
of the common coral- algal interaction between Acropora intermedia and Halimeda 
heteromorpha. Two experiments were conducted to assess the differential impacts of the 
manipulated conditions on organismal physiology and competitive dynamics in winter and 
summer. The results presented in Chapter 4 demonstrate temporal shifts in the metabolic rates 
of A. intermedia and H. heteromorpha. The physical effect of macroalgal contact also shifted 
with season, having positive, neutral and negative effects on A. intermedia physiology under 
varying conditions (Figures 4.3, 4.6). In summer, the combined effects of ocean warming and 
acidification generated the most detrimental impacts to A. intermedia and H. heteromorpha 
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(Figures 4.3, 4.4, 4,5). Taken together, these findings reveal that organismal physiology and 
the mechanisms associated with coral-algal competition can shift in direction and effect with 
temporal variability, and with changes associated with projected ocean warming and 
acidification.  As rapid changes in ocean temperature and carbonate chemistry continue to 
occur, understanding ecological interactions in the context of global change will enable us to 
better understand how future coral reef ecosystems are likely to function.  
Chapter 4 also provides experimental support to the idea that the effects of coral-algal 
competition are highly dependent on seasonal variability, and that future changes in ocean 
warming and acidification pose a significant threat to both coral and macroalgae (Anthony et 
al. 2008; Sinutok et al. 2012; Dove et al. 2013; Horvath et al. 2016). Although research to date 
has mostly emphasized the many negative effects of macroalgae on corals (Tanner 1995; 
McCook 2001; Smith et al. 2006; Box and Mumby 2007; Foster et al. 2008; Rasher and Hay 
2010; Barott et al. 2011; Barott et al. 2012; Thurber et al. 2012; Bonaldo and Hay 2014), the 
results of Chapter 4 demonstrate that species interactions include complex positive and 
negative effects on organismal physiology. Future research should focus on multiple species 
interactions under different future climate scenarios, particularly coral-algal species pairs 
(Campbell et al. 2017; Del Monaco et al. 2017). Short-term experiments (i.e., days in length) 
should be viewed with caution as temporal and seasonal variability can dramatically change 
the experimental outcomes due to differences in organismal physiology and species 
interactions (Diaz-Pulido et al. 2009; Martin et al. 2013; Bender et al. 2014). It would be 
interesting to investigate how different coral morphologies (i.e., massive, encrusting) and 
macroalgae perform in terms of coral-algal competition (i.e., allelopathic, overgrowth) (Ferrari 
et al. 2012a; Bonaldo and Hay 2014; Swierts and Vermeij 2016). The ability of certain 
macroalgae taxa to outcompete other macroalgae taxa, or whether macroalgal can outcompete 
organisms such as soft corals, seagrass or sponges would also be interesting to explore 
(Chadwick and Morrow 2011; Chen et al. 2015; González-Rivero et al. 2016; Alexandre et al. 
2017). As highlighted here, it is essential that future manipulative experiments consider 
temporal variability (ideally seasonal variability), implement long-term experiments, and 
investigate multiple stressors (Diaz-Pulido et al. 2009; Ban et al. 2014; Pendleton et al. 2016; 
Harborne et al. 2017).  
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5.3. MANAGEMENT IMPLICATIONS 
Continued local mitigation of small scale stressors such as eutrophication and overfishing, 
combined with the immediate reductions of greenhouse gas emissions, is essential for 
responding to the steady decline in coral reefs worldwide (Kennedy et al. 2013). Moving 
forward, restoring reefs to their past condition is not an option, as environmental conditions 
have fundamentally changed marine ecosystems (Pörtner et al. 2014). A concentrated effort 
should be made by scientists to inform and guide governance and management with innovative 
and targeted goals. Focusing our efforts away from traditional management (i.e., conserving 
biodiversity, protecting threatened species) to ecosystem based management, which focuses 
on human drivers influencing processes, ecological functions and ecosystem services, is 
necessary to retain some biological functions of coral reefs into the future (Hughes et al. 2017).  
With over 150 nations signed on to the Paris climate agreement, which strives to keep global 
temperatures well below 2°C above pre-industrial levels, there is a significant, although modest 
‘ray’ of hope for coral reefs (Magnan et al. 2016). While the problems facing our coral reefs are 
vast, we must not give up on them, and we must continue to be creative and innovative to 
preserve and maintain what is left of the world’s coral reef ecosystems.  
5.3.1 ADVICE FOR ACTIVE INTERVENTIONS 
As coastal human populations grow and anthropogenic greenhouse gas emissions increase, 
coral reef managers have had to consider active ecosystem intervention on coral reefs. 
Manipulating ecosystems by planting corals, genetically engineering and selecting for 
physiologically advanced ‘super’ corals, and removing macroalgal and crown-of-thorn starfish 
(COTS) have been recently implemented on coral reefs around the world (Thompson et al. 
2013; Babcock et al. 2014; van Oppen et al. 2015; Chak et al. 2016; Hughes et al. 2017; van 
Oppen et al. 2017). Considering the results presented in this thesis, more research is needed 
before implementing macroalgae removal as a practical intervention technique across the 
entirety of the GBR. If macroalgal removal must be pursued, it is important for managers to 
consider a few key points. 
Management interventions to remove macroalgae have already been implemented on the GBR 
in an effort to improve coral reef condition (Thompson et al. 2013). Efforts have 
disproportionally focused on obvious Sargassum populations, despite the fact that Sargassum 
have been shown to have no effects on competing corals (Rasher et al. 2011; Bonaldo and 
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Hay 2014) and even facilitate coral’s survival by preventing light levels during heat stress and 
reducing corallivory (Jompa and McCook 1998; Clements and Hay 2015). Because having too 
little macroalgae on a reef may be as disruptive as having too much (Bruno et al. 2014) and 
the ability of macroalgae to compete with and negatively influence corals is species-specific 
(Jompa and McCook 2003; Bender et al. 2012; Brown et al. 2017), we suggest macroalgal 
removal efforts should be focused on: (i) anthropogenically disturbed environments (i.e., 
inshore reefs with increased nutrients), (ii) the most damaging species of macroalgae (i.e., 
allelopathic taxa) and (iii) because macroalgae are highly seasonal, with natural growth and 
decay cycles, efforts should focus on primary growth seasons. Removing the macroalgae at 
one time point does not mean that it will remain in low abundance, and efforts should be made 
to revisit regularly removing large, space pre-empting species to promote recovery (Birrell et 
al. 2008). 
 
5.4. FINAL THOUGHTS 
While the results of this thesis provide a greater understanding of the complicated dynamics 
regulating the physiology and ecology of coral-algal interactions, ultimately more research is 
needed if we are to comprehensively understand coral-algal competition in natural yet changing 
settings. We need a greater complexity of experiments that consider species interactions and 
the combined effects of multiple climate related and non-climatic stressors, as well as 
experiments which integrate small-scale laboratory and broad-scale field studies. Additional 
research, improved management and more informed governance will only be relevant if there 
is an immediate and concentrated effort to reduce greenhouse gas emissions. Drastic and 
sustained cuts of greenhouse gas emissions to levels set in the Paris Agreement (December 
2015), in combination with management that reduced localized impacts, are of utmost 
importance to maintain ecological functions and ecosystem services of coral reefs in the future.  
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